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Preface 


The  9th  Seoul  International  Symposium  on  the  Physics  of  Semiconductors  and  Applications 
(Seoul  ISPSA-98)  was  held  at  Korea  University,  Seoul,  Korea,  on  November  6-7, 1998. 

This  Symposium  was  organized  by  the  Korean  Physical  Society  in  collaboration  with  the  Korea-U.S. 
Science  Cooperation  Center  and  the  Office  of  Naval  Research.  The  purpose  of  this  Symposium  is  to 
provide  scientists,  engineers,  and  researchers  with  chances  to  exchange  technical  information  and  to  gain 
insight  into  the  state  of  the  art  and  the  future  R  &  D  directions  in  the  rapidly  advancing  semiconductor 
science  and  technologies.  In  light  of  the  exciting  developments  currently  being  made  in  the  wide 
bandgap  semiconductors  including  Ill-nitrides,  silicon  carbide,  and  carbon-related  materials,  the  ISPSA- 
98  put  special  emphasis  on  the  wide  bandgap  materials  and  their  applications,  both  in  optoelectronics  and 
electronic  devices.  20  leading  scientists  and  researchers  were  invited  from  all  over  the  world  to  give  the 
overview  of  the  state  of  the  art  and  recent  achievements.  And  151  contributed  papers  were  presented. 
In  the  supplement  of  Journal  of  the  Korean  Physical  Society,  81  papers  selected  by  the  Program 
Committee  are  included. 

I  wish  to  express  my  sincere  thanks  to  the  invited  speakers  for  their  cooperation  and  to  attendees, 
especially  the  Committee  members  and  the  Advisory  members  who  helped  to  make  this 
Symposium  successful.  Finally,  I  would  like  to  express  my  sincere  appreciation  to  Dr.  Yoon- 
Soo  Park  at  the  Office  of  Naval  Research  for  his  kind  help. 


Suk-Ki  Min 

Chairman,  Organizing  Committee 
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During  the  past  decade,  group  Ill-Nitride  wide  bandgap  semiconductors  have  become  the  focus  of 
extremely  intensive  research  because  of  their  exceptional  physical  properties  and  their  high  potential 
for  use  in  countless  numbers  of  applications.  Nearly  all  aspects  have  been  investigated,  from  the 
fundamental  physical  understanding  of  these  materials  to  the  development  of  the  fabrication  tech¬ 
nology  and  demonstration  of  commercial  devices.  This  purpose  of  this  paper  is  to  review  the  physical 
properties  of  Ill-Nitrides,  their  areas  of  application,  the  current  status  of  the  material  technology 
including  synthesis  and  processing.  The  state-of-the-art  of  Ill-Nitride  material  quality,  as  well  as 
the  devices  which  have  been  demonstrated,  including  electronic  devices,  ultraviolet  photodetectors, 
visible  light  emitting  diodes  (LEDs)  and  ultraviolet-blue  laser  diodes,  will  also  be  presented. 


I.  INTRODUCTION 

Aluminum  nitride  (AIN),  gallium  nitride  (GaN),  indi¬ 
um  nitride  (InN)  and  their  alloys  are  commonly  known 
as  TII-Nitride  materials’  or  Til-Nitrides’.  These  mate¬ 
rials  have  exceptional  physical  properties,  chiefly  their 
wide  energy  bandgap,  which  make  them  the  ideal  build¬ 
ing  blocks  for  numerous  optical  and  electronic  devices 
to  be  used  in  many  applications.  The  Ill-Nitrides  have 
existed  for  many  years:  AIN  was  synthesized  by  1907 
[1],  InN  by  1910  [2],  and  GaN  by  1932  [3].  Howev¬ 
er,  because  the  material  was  poly  crystalline,  it  was  not 
useful  for  semiconductor  devices.  Only  limited  research 
had  been  conducted  on  Ill-Nitrides  until  the  1980~1990’s 
when  two  major  breakthroughs  led  to  renewed  interest  in 
Ill-Nitrides:  the  development  of  a  buffer  layer  technique 
to  obtain  smooth  and  non-polycrystalline  films  and  the 
demonstration  of  p-type  doping.  This  opened  the  door 
to  the  control  of  the  material  structural,  electrical  and 
optical  quality.  Now,  research  in  Ill-Nitrides  has  be¬ 
come  a  field  of  its  own,  whereas  it  used  to  be  part  of 
the  ‘wide  bandgap  semiconductor’  field,  and  commercial 
devices  have  become  available. 

This  paper  will  first  review  the  physical  properties  of 
Ill-Nitride  materials,  followed  by  a  non-exhaustive  de¬ 
scription  of  the  areas  of  applications.  Technological  de¬ 
tails  will  then  be  discussed,  including  the  material  growth 
and  the  substrates  used.  The  current  state-of-the-art  in 
Ill-Nitride  thin  films  and  heterostructures  will  be  pre¬ 
sented.  The  technology  for  the  material  processing  will 
also  be  reviewed,  including  etching  and  metal  contacts. 
Finally,  the  state-of-the-art  for  Ill-Nitride  based  devices 
will  be  presented,  including  electronic  devices,  ultraviolet 
photodetectors,  visible  light  emitting  diodes  (LEDs)  and 
ultraviolet-blue  laser  diodes. 


II.  PHYSICAL  PROPERTIES  OF 
III- NITRIDE  MATERIALS 

Unlike  more  conventional  semiconductors,  such  as  sil¬ 
icon  (Si)  or  gallium  arsenide  (GaAs)  which  have  a  dia¬ 
mond  or  zinc-blende  structure  with  a  cubic  symmetry, 
Ill-Nitride  crystals  are  wurtzite  in  their  stable  form  with 
a  hexagonal  symmetry,  belonging  to  the  point  group  6 
mm.  Ill-Nitrides  are  thus  polar  crystals  because  they  do 
not  have  a  center  of  symmetry  [4].  They  thus  possess 
many  other  potentially  useful  properties  such  as  piezo¬ 
electricity,  pyroelectricity  [5]  and  second  harmonic  gen¬ 
eration  [6,7].  The  large  difference  in  electronegativity 
between  the  group  III  and  group  V  elements  (Al=1.18, 
Ga=1.13,  In=0.99,  N=3.0)  results  in  very  strong  chemi¬ 
cal  bonds  in  the  Ill-Nitride  material  system,  which  are  at 


Fig.  1.  Energy  gap  versus  hexagonal  lattice  constant  for 
Ill-Nitride  and  selected  substrate  materials. 
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Table  1.  Physical  properties  of  Ill-Nitrides  (from  references  [8,9],  except  a  from  [10]). 


GaN 

AIN 

InN 

Room  temperature  energy  gap  (eV) 

3.44 

6.2 

1.9 

Lattice  constant,  a  (A) 

3.1891 

3.112 

3.545 

Thermal  expansion  coefficient,  aa  (10“fe  K-1) 

4.2  (17-477  C)1 

5.27  (20-800  C) 

5.6  (280  C) 

Thermal  expansion  coefficient,  ac  (10“6  K-1) 

4.0  (17-477  C)1 

4.15  (20-800  C) 

3.8  (280  C) 

Electron  effective  mass,  me  (mo) 

0.2 

0.11 

Hole  effective  mass,  m*  (mo) 

0.8 

0.5  ( rrihh  calculated) 
0.17  ( rrihh  calculated) 

Refractive  index,  n 

2.35  (1.0  fim) 

2.60  (0.38  #nn) 

2.2  (0.60  in n) 
2.5  (0.23  (ira) 

2.56  (1.0  n) 

3.12  (0.66  /i) 

e(0) 

10.4  (£||c),  9.5  (£lc) 

9.14 

£  (OO) 

5.8  (£||c),  5.4  (£lc) 

4.84 

9.3 

Thermal  conductivity,  k  (W/cm  K) 

1.3 

2.0 

Bulk  modulus  (GPa) 

207a 

TO  (meV) 

69.3  (TOT),  66.1  (TO||) 

82.6 

59.3 

LO  (meV) 

92.5  (LOT) 

112.8 

86.1 

Melting  point  (C) 

>1700 

3000 

1100 

Nitrogen  partial  pressure  at  meltin  point  (atmospheres) 

3000 

100 

A <3°  (kcal/mol) 

-33.0 

-68.2 

-23.0 

Heat  capacity,  Cp  (cal  mol-1  K 1) 

9.7 

7.6 

10.0 

the  origin  of  most  of  the  interesting  Ill-Nitride  physical 
properties. 

A  direct  result  of  this  is  the  wide  bandgap.  Ill-Nitrides 
have  a  bandgap  energy  ranging  from  6.2  to  1.9  eV,  corre¬ 
sponding  to  a  wavelength  from  200  to  650  nm.  This  spec¬ 
tral  range  covers  the  visible  spectrum  (blue,  green,  yellow 
and  red)  as  well  as  the  near  ultraviolet  region  in  which 
the  atmosphere  transmits,  as  shown  in  Figure  1.  The 
bandgap  is  direct  which  is  most  appropriate  for  optical 
devices.  Because  the  intrinsic  carrier  concentration  is  an 
exponential  function  of  the  energy  gap  and  the  temper¬ 
ature,  a  wider  bandgap  semiconductor  has  a  much  lower 
intrinsic  carrier  concentrations  over  a  large  temperature 
range: 

/  \  3/4 

n,(cm-3)  =  4.9  x  1015  (  ™d'™dk  )  T3/2e-Eg/2kT 

\  m0  ) 

where  all  the  parameters  have  conventional  meaning. 
This  results  in  lower  leakage  and  dark  currents  in  de¬ 
vices,  which  is  especially  important  in  photodetectors 
and  high  temperature  electronics.  Another  consequence 
of  the  strong  chemical  bonding  is  the  physical  (high  melt¬ 
ing  points,  mechanical  strength)  and  chemical  stability  of 
these  materials.  These  also  enjoy  high  thermal  conduc¬ 
tivity.  Their  effective  masses  are  higher  than  convention¬ 
al  semiconductors,  thus  leading  to  lower  carrier  mobili¬ 
ties,  but  this  is  made  up  for  by  the  high  saturated  elec¬ 
tron  drift  velocities  predicted  for  this  material  system. 
The  refractive  indices  of  Ill-Nitrides  are  lower  compared 
to  narrower  gap  semiconductors,  which  results  in  a  low¬ 
er  reflectivity  at  the  interface.  This  is  an  advantage  for 
photodetector  efficiency,  but  a  disadvantage  when  trying 
to  achieve  lasers  with  low  threshold  currents. 


All  these  properties  yields  Ill-Nitrides  a  very  high  po¬ 
tential  for  operation  in  the  visible-to-ultraviolet  spectral 
region  as  well  as  in  harsh  environments  (radiation,  heat) 
such  as  those  typical  of  space  applications,  high  frequen¬ 
cy,  high  power  and  high  temperature  electronics.  Details 
of  the  physical  properties  of  Ill-Nitrides  are  summarized 
in  Table  1.  Although  Ill-Nitride  based  devices  are  be¬ 
ing  rapidly  demonstrated  and  commercialized,  there  are 
many  barriers  that  must  be  overcome  before  the  full  po¬ 
tential  of  these  materials  can  be  realized  as  reliable  de¬ 
vices.  First,  the  high  melting  point  of  Ill-Nitrides  and  the 
extremely  high  nitrogen  partial  pressures  near  the  melt¬ 
ing  point  make  their  bulk  growth  very  difficult.  There¬ 
fore,  high  quality  Ill-Nitride  substrates  do  not  exist.  The 
synthesis  of  nitride  crystals  has  thus  to  be  carried  in  the 
form  of  thin  films  on  a  non-native  substrate.  The  dissim¬ 
ilarity  between  the  substrate  material  and  Ill-Nitrides 
generally  lead  to  poor  structural  quality  as  a  result  of 
the  lattice  and  thermal  mismatch.  Moreover,  nitride 
alloys  with  different  compositions  are  also  lattice  mis¬ 
matched,  which  leads  to  dislocations  in  Ill-Nitride  het¬ 
erostructures.  Finally,  high  free  electron  and  hole  concen¬ 
trations  are  often  difficult  to  achieve  because  most  dopant 
elements  form  deep  levels  in  wide  bandgap  nitride  semi¬ 
conductors.  The  addition  of  more  dopant  source  during 
the  growth  process  frequently  results  in  degradation  of 
the  structural  and  optical  properties  [8-10]. 

III.  AREAS  OF  APPLICATION 

The  driving  force  behind  the  exceptional  interest  in  Ill- 
Nitride  materials  has  been  their  potential  for  numerous 
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significant  device  applications,  both  civilian  and  military. 
The  majority  of  such  devices  can  be  divided  into  two 
categories:  electronic  and  optoelectronic  (photodetectors 
and  light  emitters)  devices. 

Electronic  devices  using  III- Nitrides  are  needed  for 
both  high  power  and  high  temperature  applications. 
High  power  and  high  temperature  devices  are  in  de¬ 
mand  by  the  automotive,  aerospace,  and  power  indus¬ 
tries.  Power  electronics  have  potential  applications  in 
the  power  industry  and  in  any  equipment  which  uses  sig¬ 
nificant  power,  such  as  all  electric  vehicles,  ships  and  air¬ 
craft.  High  temperature  electronics  would  allow  control 
directly  in  harsh  environments,  such  as  in  engines,  mak¬ 
ing  them  important  in  the  automotive  and  aerospace  in¬ 
dustries.  Because  Ill-Nitride  devices  are  expected  to  bet¬ 
ter  withstand  high  temperatures  while  at  the  same  time 
operate  adequately,  these  electronics  could  be  operated 
uncooled,  thus  reducing  the  cost  and  weight  of  systems. 

Solar-blind  UV  photodetectors  are  devices  which  are 
sensitive  to  UV  radiation  while  being  (ideally)  insensi¬ 
tive  to  longer  wavelength  radiation.  Such  devices  have 
applications  where  there  is  a  need  to  detect  or  control 
the  source  of  UV  radiation  in  an  existing  background 
of  visible  or  infrared  radiation  [11].  Examples  of  such 
applications  include  flame  detection,  furnace  and  engine 
monitoring  for  the  automotive,  aerospace  and  petroleum 
industry,  undersea  communications,  UV  astronomy  [12], 
space-to-space  communications  secure  from  Earth,  ear¬ 
ly  missile  threat  warning  and  airborne  UV  countermea¬ 
sures,  and  portable  battlefield  reagent/chemical  analysis 
system.  Thanks  to  their  wide  energy  gap,  Ill-Nitrides 
have  been  successfully  used  in  UV  photodetectors  with 
very  promising  characteristics.  Because  of  their  theo¬ 
retical  intrinsic  solar  blindness  and  low  dark  currents, 
Ill-Nitride  based  devices  are  expected  to  work  without 
optical  filters  and  complex  electronics,  thus  significantly 
reducing  the  launch  weight  for  space  and  airborne  appli¬ 
cations. 

Thanks  to  their  ideally  suited  bandgap  energy  range, 
Ill-Nitrides  have  been  successfully  used  in  commercial 
bright  blue  and  green  light  emitting  diodes  (LEDs). 
When  used  with  the  already  available  red  AlGaAs  based 
LEDs,  these  new  LEDs  complete  the  primary  colors  (red, 
green,  blue)  for  large,  high  brightness,  outdoor  full-color 
displays.  Traffic  lights  are  starting  to  use  green  LEDs 
because  of  their  superior  efficiency  and  reliability  in  com¬ 
parison  to  incandescent  light  sources.  Solid  state  white 
light  sources  using  a  combination  of  red,  green,  and  blue 
LEDs  or  using  phosphors  excited  by  blue  or  ultraviolet 
(UV)  LEDs  may  soon  replace  conventional  light  bulbs 
with  better  efficiency  and  reliability.  UV  LEDs  could  al¬ 
so  replace  the  inefficient  and  hot  “black”  lights  that  are 
used  in  fun  houses,  tanning  salons,  and  in  more  mundane 
applications  such  as  killing  bacteria  in  water. 

The  main  thrust  in  recent  Ill-Nitride  research  has  been 
the  fabrication  of  a  reliable,  short-wavelength  (ultravio- 


Table  2.  Comparison  of  the  GaN  and  Ga As-based  laser 
properties. _ _ _ _ _ 


GaN 

GaAs 

Material 

(InGaN/GaN 

MQW) 

(InGaAs/ GaAs 
MQW) 

Transparency 
carier  density  n0 

1019  cm-3 

2xl018  cm-3 

Optical  confinement 
factor  T 

5% 

5% 

Differential  gain  f3 

5xl0-lb  cm" 

lxlO-ib  cm* 

Typical  total  active 
layer  thickness  d 

300  A 

100  A 

<*, 

50  cm"1 

2  cm"1 

Radiative  recombin¬ 
ation  coeff.  B 

3xl0"11  cm3 /sec 

6xl0-11  cm3 /sec 

J ; th 

2000  A/cm* 

40  A/cm2 

let  to  green  spectral  region)  laser  diode.  The  primary 
advantage  of  shorter  wavelengths  is  the  ability  to  focus 
the  beam  to  smaller  spot  sizes  which  scale  as  A"2,  thus 
quadrupling  the  storage  density  of  optical  media  by  re¬ 
ducing  the  laser  wavelength  in  half.  The  objective  will 
be  to  achieve  a  digital  video  disk  (DVD)  system  capable 
of  storing  15  gigabytes  by  the  year  2000.  A  DVD-RAM 
system  would  require  a  laser  diode  operating  in  continu¬ 
ous  wave  (CW)  at  60  °C,  with  an  output  power  of  30~40 
mW,  and  an  operating  voltage  of  3  V  at  100  mA.  The 
requirements  for  a  DVD-ROM  system  would  only  be  a 
4~5  mW  CW  laser.  In  both  cases,  the  laser  should  have 
a  wavelength  of  400~430  nm.  It  must  not  be  too  short 
to  avoid  transmission  losses  in  air.  Visible  laser  diodes 
are  also  expected  to  be  used  in  projective  displays,  op¬ 
tical  communications  and  chemical  analysis  because  the 
wavelength  could  be  tuned  to  correspond  to  absorption 
lines  of  specific  airborne  chemicals  to  be  detected.  For 
example,  a  55  inch  large  display  needs  a  luminosity  of 
500  cd/m2,  which  requires  at  least  a  6.6  W,  1.8  W  and 
1.2  W  red,  green  and  blue  lasers.  Finally,  laser  printing 
is  also  an  important  applications  for  short  wavelength 
laser  diodes.  These  would  need  to  emit  at  a  wavelength 
higher  than  430  nm  to  avoid  the  decomposition  of  the 
toner  components,  with  a  single  mode  CW  output  power 
higher  than  6  mW  for  fast  printing. 

Theoretical  calculations  have  been  conducted  to  com¬ 
pare  the  lasing  threshold  characteristics  of  GaN  and 
GaAs  based  semiconductor  lasers  and  the  results  are 
shown  in  Table  2.  The  theoretical  threshold  current  den¬ 
sities  were  calculated  using  the  formula: 

Jth  =  ed.Bn]h  =  edB  (n„  + 

where  the  parameters  are  defined  in  Table  2,  and  assum¬ 
ing  no  non-radiative  recombination  (^=1).  The  thresh¬ 
old  for  GaN  based  lasers  was  found  to  be 
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IV.  SUBSTRATES  AND  GROWTH 
TECHNIQUES  FOR  III-NITRIDES 

Because  of  their  extreme  physical  properties,  bulk  Ill- 
Nitride  single  crystals  are  barely  available  and  their  qual¬ 
ity  is  not  good  enough  to  be  used  as  a  substrates.  Many 
non-native  substrates  have  been  investigated  over  the 
years  for  the  epitaxy  or  growth  of  Ill-Nitride  thin  films.  A 
non  exhaustive  list  of  potential  substrates  and  their  phys¬ 
ical  properties  is  given  in  Table  3  and  Table  4.  Reported 
values  typically  vary  widely,  so  these  numbers  should  be 
treated  with  caution. 

A  substrate  must  satisfy  several  properties  in  order  to 
be  suitable  for  epitaxial  growth.  First,  it  must  be  “com¬ 
patible”  with  Ill-Nitrides,  Le.  have  a  crystal  structure 
(bulk  and  surface  arrangement  of  atoms)  which  lends  to 
the  proper  initial  nucleation  of  oriented  Ill-Nitride  crys¬ 
tals  during  growth.  The  substrate  lattice  constant  and 
the  resulting  lattice  mismatch  with  the  epilayer  are  im¬ 


portant  quantitative  measures  of  this  “compatibility”  be¬ 
tween  substrate  and  epilayer,  are  useful  in  predicting  the 
amount  of  stress  for  the  epilayer.  The  data  is  tabulat¬ 
ed  in  Table  3.  The  thermal  expansion  coefficient  of  the 
substrate  is  also  an  important  parameter  because  a  mis¬ 
match  in  these  coefficients  with  other  materials  will  result 
in  mechanical  stresses  and  cracks  from  cooling  from  the 
growth  temperature  and  from  cycling  during  processing 
and  operation  of  the  device.  An  estimate  of  the  mis¬ 
match  between  the  epilayer  and  the  substrate  caused  by 
cooling  1000  °C  is  given  assuming  the  layer  is  relaxed 
at  the  growth  temperature.  The  substrate  must  also 
be  stable  under  the  growth  conditions  typically  used  for 
Ill-Nitrides  [13].  This  is  best  quantified  by  the  melting 
point  of  the  substrate.  Other  substrate  properties,  such 
as  thermal  conductivity,  energy  gap  and  optical  trans¬ 
parency  in  the  visible  spectrum,  possibility  to  dope,  max¬ 
imum  wafer  size  available  and  price  are  also  given.  All 
these  properties  will  affect  the  choice  of  substrate  for  III- 


Table  3.  Structural  properties  of  Ill-Nitride  and  potential 

substrate  materials. 

Formula 

Name 

Symmetry 

Point 

group 

Space  group 

Stacking 

sequence 

(Wyckoff) 

Lattice 

constants 

(A) 

Plane  with 
nearest  match 
to  (0001)GaN 

Effective  a 
lattice  con¬ 
stant  (A) 

da/a 

with 

GaN 

GaN 

Gallium 

nitride 

Hexagonal 

6  mm 

P63111C  (186) 

AB 

(HH) 

a=3.1891 

c=5.1855 

(0001) 

3.1891 

0  % 

AIN 

Aluminum 

nitride 

Hexagonal 

6  mm 

P63111C  (186) 

AB 

(HH) 

a=r3.112 

c=4.982 

(0001) 

3.112 

2.47  % 

InN 

Indium 

nitride 

Hexagonal 

6  mm 

P63mc  (186) 

AB 

(HH) 

a=3.5446 

c=5.7034 

(0001) 

3.5446 

-10.03  % 

4H-SiC 

4H  silicon 
carbide 

Hexagonal 

6  mm 

P63mc  (186) 

ABCB- 

(CHCH) 

a=3.073 

c— 10.053 

(0001) 

3.073 

3.77  % 

6H-SiC 

6H  silicon 
carbide 

Hexagonal 

6  mm 

P63mc  (186) 

ABCACB 

(CCHCCH) 

a=3.081 

c=14.117 

(0001) 

3.081 

3.51  % 

15R-SiC 

15R  silicon 
carbide 

Trigonal 

3  mm 

R3m  (160) 

(CCHCH)3 

ai2o3 

Sapphire, 

corundum 

Trigonal 

3  m 

R3c  (167) 

a=4.758 

c~12.991 

(0001) 
rotated  30° 

2.747 

16.09  % 

LiGa02 

LGO, 

lithium 

gallate 

Orthorhombic 

mm2 

Pna2i  (33) 

a=5.402 

b=6.372 

c=5.007 

(001) 

3.119 

3.186 

2.25  % 
0.10  % 

LiAl2 

LAO, 

lithium 

aluminate 

Tetragonal 

422 

P42i  (90) 

a=5.1715 

c=6.2840 

(100) 

2.986 

3.142 

6.81  % 
1.50  % 

NdGaOa 

NGO, 

neodymium 

galate 

Orthorhombic 

mmm 

Pbmm  (62) 

a=5.431 

b=5.499 

c=7.710 

a=5.431 

(101) 

3.175 

3.144 

0.45  % 
1.45  % 

b=5.499 

c=7.710 

(Oil) 

3.136 

3.1857 

1.71  % 
0.03  % 

ZnO 

Zinc  oxide 

Hexagonal 

6  mm 

P63111C  (186) 

AB 

(HH) 

a=3.253 

c=5.213 

(0001) 

3.253 

-1.97  % 

MgO 

Magnesium 

oxide 

Cubic 

m3m 

Fm3m  (225) 

a=4.216 

(111) 

2.981 

4.93  % 

Si 

Silicon 

Cubic 

m3m 

Fd3m  (227) 

a=5. 4310202 

(111) 

3.8403112 

-16.96  % 

GaAs 

Gallium 

arsenide 

Cubic 

43m 

F43m  (216) 

ABC 

(CCC) 

a=5. 65325 

(111) 

3.99745 

-20.22  % 
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Table  4.  Other  physical  properties  of  Ill-Nitride  and  potential  substrate  materials. 


Formula 

name 

Ota 

(10-6  K-1) 

0  to 

1000  °C 

Mismatch  with  GaN  Thermal 
by  colling  1000  °C  conduc- 
(TECGaN-TECsub)x  tivity 

(-1000  K)  (W/cm  K) 

Melting 

temper¬ 

ature 

(°C) 

Energy 
gap  (eV) 

Transparent 
in  visible? 

Doping? 

Maximum 

diameter 

(cm) 

Low  end 
price  (to  1 
significant 
fig.)  ($/cm2) 

GaN 

5.6  (0  to 
600  °C) 

0% 

1.3 

>1700 

3.44 

Yes 

n,  p 

- 

- 

AIN 

5.7 

0.01  % 

2.0 

3000 

6.2 

Yes 

Extremely 

difficult 

- 

InN 

5.7  (300  °C) 

0.01  % 

1.9 

No 

n 

— 

— 

4H-SiC 

4.46 

-0.11  % 

4.9 

1100 

3.20 

Impurity 

absorption 

n,  p 

3.5 

100 

6H-SiC 

4.44 

-0.12  % 

4.9 

2.86 

Impurity 

absorption 

n,  p 

3.5 

100 

15R-SiC 

4.9 

Impurity 

absorption 

n,  p 

- 

- 

AI2O3 

8.6 

0.30  % 

0.3 

2015 

>8.5 

Yes 

Insulator 

10c 

6C 

LiGaC>2 

~  7 

0.14  % 

~1600 

Yes 

5 

20 

LiA102 

-1700 

Yes 

2 

60 

NdGaOs 

(101) 

6.6 

7.8 

0.10  % 
0.22  % 

~1600 

5 

NdGaOs 

(Oil) 

11.9 

6.1 

0.63  % 
0.05  % 

ZnO 

7.8 

0.22  % 

~2000  3.44  (1.6  K) 

Yes 

N? 

2 

300 

MgO 

13.85 

0.83  % 

(U65 

2800 

7.9 

Yes 

Insulator 

5 

20 

Si 

3.90 

-0.17  % 

1.3 

1412 

1.1242 

No 

n,  p 

30 

GaAs 

6.7 

0.11  % 

0.5 

1240 

1.424 

No 

n,  p 

5 

4 

Nitride  epitaxy  depending  on  the  application  sought  for. 

To  date,  three  substrates  stand  out  as  the  most  promis¬ 
ing  for  Ill-Nitride  growth:  silicon,  silicon  carbide  (SiC) 
and  sapphire  (A1203).  Silicon  is  the  most  widely  avail¬ 
able  substrate  in  the  semiconductor  industry  and  can 
come  in  sizes  up  to  10  inch  diameter.  It  is  also  the  cheap¬ 
est  one  and  the  highest  quality.  However,  it  suffers  from 
a  poor  “compatibility”  with  Ill-Nitride  crystals.  Also, 
it  has  a  very  narrow  bandgap  in  comparison  to  nitrides, 
which  makes  it  ill-suited  for  optical  devices.  At  the  other 
extreme,  SiC  offers  the  closest  match  with  Ill-Nitrides, 
in  terms  of  crystal  symmetry,  lattice  and  thermal  mis¬ 
match  with  the  nitrides.  The  lattice  constant  is  smaller, 
resulting  in  compressive  strain  of  the  epilayer.  On  the 
other  hand,  the  low  thermal  expansion  coefficient  of  SiC 
results  in  tensile  strain  in  the  film  upon  cooling.  It  is 
a  wide  bandgap  semiconductor  being  developed  for  ap¬ 
plications  in  high  power  electronics  and  other  demand¬ 
ing  applications.  Its  drawback  is  its  limited  availability, 
small  available  size,  its  quality  is  still  not  as  good  as  oth¬ 
er  Si  or  A1203  substrates  [14],  and  its  prohibitively  high 
price.  Sapphire  offers  a  compromise  between  the  Si  and 
SiC,  and  has  become  the  most  often  used  substrate  for 
Ill-Nitride  epitaxial  growth.  The  appealing  features  in¬ 
clude  the  high  thermal  and  chemical  stability,  the  large 
high  quality  wafers  available,  and  the  reasonable  cost. 
However,  there  are  large  lattice  and  thermal  mismatch¬ 
es.  The  thermal  expansion  coefficient  is  much  larger  than 


Table  5.  Comparison  of  the  most  promising  substrates  for 
Ill-Nitride  growth. _ 


Substrate  issues  for 
Ill-Nitride  growth 

GaN 

Si 

6H-SiC 

AI2O3 

Crystal  symmetry 

++ 

- 

+ 

+ 

Compatibility  of  process 

++ 

- 

+ 

T  v 

Lattice  of  process 

+ 

- 

Thermal  mismatch 

+ 

- 

- 

- 

High  quality 

+ 

++ 

- 

++ 

Availability 

+ 

- 

+ 

Size  (large  area) 

++ 

- 

+v 

Cheap  ($)? 

n/a 

+ 

- 

+ 

that  of  the  Ill-Nitrides,  resulting  in  a  compressive  strain 
in  the  epilayer  upon  cooling.  The  Ill-Nitrides  generally 
grow  on  (0001)  sapphire  substrates  with  a  30°  rotation 
about  the  c-axis  with  respect  to  the  sapphire  lattice,  re¬ 
sulting  in  the  alignment  of  the  directions  [00.1]  ||  [00.1]  and 
[10  ■  0]||[11  •  0].  This  results  in  a  compressive  strain  on  the 
Ill-Nitride  layer  since  the  effective  lattice  constant  of  the 
substrate  given  below  is  smaller  than  that  of  Ill-Nitride: 

_  <Ul203 

a effective  — 

The  comparison  of  Si,  SiC  and  AI2O3  as  potential  sub¬ 
strate  for  Ill-Nitride  epitaxy  is  summarized  in  Table  5. 
GaN  has  been  included  in  the  table  to  reflect  the  proper- 
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ties  of  the  bulk  GaN  single  crystals  which  are  currently 
being  grown  at  high  pressure  by  a  few  research  groups  in 
Poland  [15].  At  the  present  time,  sapphire  is  the  most 
viable  substrate  material  in  terms  of  quality,  availability 
and  cost. 

Crystallographic  models  for  the  growth  of  Ill-Nitride 
thin  films  on  these  substrates  have  been  developed 
to  understand  the  atomic  arrangements  at  the  epilay- 
er /substrate  interface  [16-20].  The  comparison  of  dif¬ 
ferent  natures  and  orientations  of  substrates  has  been 
conducted  [21]. 

Although  the  growth  of  Ill-Nitrides  has  been  conduct¬ 
ed  on  non-native  substrates,  high  quality  films  have  been 
achieved  which  led  to  the  demonstration  of  high  perfor¬ 
mance  devices,  as  will  be  discussed  later  in  this  paper. 
The  dissimilarity  between  the  substrates  and  nitride  ma¬ 
terials  has  been  alleviated  through  the  successful  devel¬ 
opment  of  the  growth  technology,  and  more  precisely  the 
use  of  buffer  layers  [22]. 

One  of  the  reason  why  Ill-Nitrides  have  suffered  from 
a  lack  of  interest  until  the  1980s  is  because  of  the  lack  of 
suitable  growth  techniques.  For  example,  because  of  their 
higher  melting  points,  these  materials  required  higher 
growth  temperatures  than  conventional  semiconductors, 
which  then  resulted  in  significant  buoyancy  in  the  gas 
flow  pattern  in  chemical  vapor  deposition  techniques. 

Table  6  summarizes  the  strengths  and  weaknesses  of 
the  currently  most  common  growth  techniques  used  to 
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grow  III- Nitride  crystals,  including  metalorganic  chem¬ 
ical  vapor  deposition  (MOCVD),  molecular  beam  epi¬ 
taxy  (MBE),  vapor  phase  epitaxy  (VPE),  high  pressure 
growth  and  sublimation  sandwich  method  (SSM). 

Currently,  MOCVD  and  MBE  are  the  most  widely 
used  techniques.  MOCVD  is  undoubtedly  the  method  of 
choice  for  the  growth  of  high  quality  Ill-Nitrides  films  for 
mass  production  and  particularly  for  devices.  However, 
recently,  VPE  growth  of  Ill-Nitrides  has  gained  atten¬ 
tion  for  the  growth  of  very  thick  GaN  films  for  use  as 
substrates  after  original  substrate  lift-off  [23].  High  pres¬ 
sure  growth  remains  limited  to  a  few  research  groups  in 
Poland  for  the  direct  growth  of  bulk  GaN  crystals.  Fi¬ 
nally,  SSM  has  gained  recently  interest  for  the  growth  of 
bulk  single  crystal  AIN.  The  Ill-Nitride  material  proper¬ 
ties  grown  using  these  techniques  will  be  presented  in  the 
next  section. 

All  these  growth  techniques  make  use  of  precursors 
which  are  the  source  materials  for  each  element  (Al,  Ga, 
In,  N).  These  can  come  in  the  form  of  solid,  liquid  or 
gas  depending  on  the  growth  technique  used.  A  non- 
exhaustive  list  is  tabulated  in  Table  7.  It  is  worth  to 
note  that  all  group  III  element  precursors  are  common¬ 
ly  used  for  the  growth  of  other  more  conventional  III-V 
semiconductors.  Different  group  III  sources  have  been 
compared  for  the  growth  of  GaN  [24].  The  group  V  (ni¬ 
trogen)  sources  are  much  more  common  than  ASH3  or 
PH3  which  makes  them  much  safer  to  use,  more  avail- 


Table  6.  Strengths  and  weaknesses  of  most  common  growth  technologies  for  Ill-Nitride 


Growth  technolog 

Strengths 

Weaknesses 

Frontier  for 
21st  century 

Metal-Organic 
Chemical  Vapor 
Deposition 

MOCVD 

MOVPE 

0  Well  developed  technology 

0  Atomically  sharp  interfaces 

0  In-situ  thickness  monitoring 

0  High  growth  rater  (<4  m/hr) 

0  Easily  scaleable  for  mass  production 

0  Short  run  cycles  (heat-fgrowth-i-cool) 
0  Possibility  to  use  plasma  or  laser 
assiste  growth 

0  Lack  of  precise  in-situ  characterization 

0  Large  quantities  of  NH3  are  needed 

mass  procuction 
of  high  quality 
Ill-Nitride  thin 
films  and  devices 

Molecular 
Beam  Epitaxy 

0  Well  developed  technology 

0  Atomically  sharp  interfaces 

0  Precise  in-situ  characterization 

0  Need  for  ultra-high  vacuum  (cryogenics) 

0  Long  run  cycle  (heat-fgrowth+cool) 

0  Growth  temperature  is  limited  on  the  high  end 

Growth  in 

MBE,  GSMBE, 
MOMBE 

0  High  purity  growth  enviromment 

0  Hydrogen  free  enviromment 

0  Scalable  for  mass  procuction 

0  Efficiency  of  nitrogen  source  or  cracker  (ECR, 
RF)  is  limited 

0  Low  growth  rates  (<1~1.5  m/hr) 

0  Not  as  high  throughput  as  MOCVD 

Hydrogen-free 

environment 

Vapor  Phase 
Epitaxy 

VPE,  HVPE 

0  Simple  growth  technique 

0  Very  high  growth  rate  (<100  m/hr) 

0  Reasonably  good  quality  films 

0  No  sharp  interfaces 

0  Long  run  cycles  (heat-f-growth-f  cool) 

0  small  area  growth 

0  Better  films  are  obtained  for  lower  growth 

Thick  GaN  films 
for  substrates 

High  pressure 
growth 

0  Bulk  GaN  single  crystals 

0  Only  for  GaN  single  crystals 

0  Small  size  crystals  (few  mm2  area) 

0  Extreme  temperature  &;  pressure  conditions 

Bulk  GaN  single 
crystals  for 
substrate  use 

o  Very  simple  growth  technique 
sandwich  o  Extremely  high  growth  rate 
method  SSM  (<300  m/hr) 


o  Poor  quality  of  films 
o  Need  a  GaN  powder  source 
o  Small  area  growth 


Bulk  AIN  single 
crystals  for 
substrate  use 
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Table  7.  Most  common  chemical  precursors  for  the  growth  and  doping  of  Ill-Nitride. 


Element 

Chemical 

Chemical  name 

Chemical 

Physical 

Growth  technique 

Toxicity 

group 

formula 

family 

state  at  20  °C 

(CH3)-, 

Trimethy,  triethyl-aluminum 

organometallic 

liquid 

MOCVD,  MBE 

pyrophoric 

(C2H5)3-A1 

(TMAl,  TEA1) 

A1H3N(CH3)3 

Alane  trimethylamine 

organometallic 

solid 

MOCVE,  MBE,  VPE 

(CH3)3-, 

Trimethy,  triethyl-gallium 

organometallic 

liquid 

MOCVD,  MBE 

pyrophoric 

(C2H5)3-Ga 

(TMGa,  TEGa) 

III 

GaCl3 

Gallium  chloride 

metal  chloride 

solid 

VPE 

(CH3)3-In 

Trimethy-indium  (TMIn) 

organometalic 

solid 

MOCVD,  MEB 

pyrophoric 

(CH2H3)3-In 

Trimethy-indium  (TEIn) 

organometalic 

liquid 

MOCVD,  MEB 

pyrophoric 

InCl3 

Indium  chloride 

metal  chloride 

solid 

VPE 

AI,  Ga,  In 

Aluminum,  gallium,  indium 

metal 

solid 

MBE,  VPE 

no 

n2  • 

Nitrogen 

inorganic  gas 

gas 

MOCVD,  MBE 

no 

nh3 

Ammonia 

nitrogen  hydride 

gas 

MOCVD,  MBE,  VPE, 

corrosive 

sublimation 

V 

n2h4 

Hydrazine 

nitrogen  hydride 

gas 

(CH3)3CNH2 

Tertiarybutylammine 

organometallic 

~liquid 

CH6H5 

Phenylhydrazine 

organometallic 

liquid 

TTT 

AIN 

Aluminum  nitride 

powder 

solid 

sublimation 

no 

Ill- V 

GaN 

Gallium  nitride 

powder 

solid 

sublimation 

no 

Cp2Mg 

Biscyclopentadienyl- 

organometalic 

solid 

MOCVD,  MBE,  VPE 

pyrophoric 

TT 

magnesium 

11 

Mg 

Magnesium 

metal 

solid 

MBE 

no 

(P-type 

DEZn 

Diethyl-zinc 

organometalic 

liquid 

MOCVD,  MBE,  VPE 

pyrophoric 

dopant) 

DMZn 

Dimethyl-zinc 

organometalic 

liquid 

MOCVD,  MBE,  VPE 

pyrophoric 

Zn 

Zinc 

metal 

solie 

MBE 

no 

SiH4 

Silane 

hydride 

gas 

MOCVD 

pyrophoric 

Si2  Hg 

Disiland 

hydride 

gas 

MOCVD 

Si 

Silicon 

metal 

solid 

MBE 

no 

GeH4 

Germane 

hydride 

gas 

MOCVD 

toxic 

H2S 

Hydrogen  sulfide 

nonmetal  hydride 

gas 

MOCVD 

toxic 

H2Se 

Hydrogen  selenide 

nonmetal  hydride 

gas 

MOCVD 

able  and  much  cheaper.  However,  there  is  still  intense 
research  to  develop  a  better  group  V  source,  in  terms  of 
ease  of  cracking,  purity  and  efficiency  [25]. 

V.  STATE-OF-THE-ART  OF  III-NITRIDE 
THIN  FILMS 

1.  Aluminum  Nitride  (AIN) 

Aluminum  nitride  thin  films  have  been  synthesized  for 
many  years  for  use  as  a  ceramic  for  coating  because  of 
their  high  physical  strength.  These  films  were  all  amor¬ 
phous  and  were  generally  grown  using  RF  sputtering. 

It  is  only  after  the  growing  interest  in  GaN  that  more 
monocrystalline  AIN  films  have  been  synthesized.  Bulk 
AIN  single  crystals  are  being  investigated  using  the  sub¬ 
limation  sandwich  method.  Bulk  AIN  represents  a  fu¬ 
ture  direction  for  the  research  on  this  material.  How¬ 
ever,  AIN  thin  films  are  generally  grown  on  basal  plane 
AI2O3  or  SiC  substrates,  without  a  buffer  layer.  This 
is  due  to  the  fact  sapphire  and  AIN  share  a  common 
element:  aluminum,  which  makes  the  bonding  at  the  in- 


2S/Q(dagBes) 

Fig.  2.  Symmetric  x-ray  diffraction  spectra  of  an  AIN  film 
on  basal  plane  sapphire  [27]. 


terface  much  easier.  Epitaxial  films  are  rarely  thicker 
than  1~1 .5  /im.  High  crystalline  quality  films  have  been 
achieved  on  AI2O3  and  SiC  substrates  with  open  detec- 
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Fig.  3.  Room  temperature  optical  absorption  of  AIN  film 
on  basal  plane  sapphire  [27]. 


tor  symmetric  x-ray  rocking  curve  linewidths  as  low  as  90 
and  60  arcsecs  respectively,  as  shown  in  Figure  2  [26,27]. 

As  grown  AIN  films  are  almost  always  insulating.  The 
origins  of  this  behavior  are  still  controversial  and  much 
research  work  is  needed  to  understand  the  insulating  be¬ 
havior  of  AIN.  Negative  electron  affinity  (NEA)  has  also 
been  reported  from  AIN  films  [28].  This  effect  has  been 
used  to  demonstrate  cold  cathode  structures  using  AIN 
films  [29].  The  piezoelectric  properties  of  AIN  has  been 
investigated  for  a  number  of  years  for  Surface  Acoustic 
Wave  (SAW)  applications  [30].  The  optical  properties  of 
AIN  are  assessed  through  optical  absorption  (Figure  3) 
and  cathodoluminescence.  The  nonlinear  optical  prop¬ 
erties  of  AIN  are  an  interesting  field  for  future  research 
which  has  been  little  touched,  although  second  harmonic 
generation  from  AIN  films  were  conducted  and  yielded 
the  non  linear  coefficients: 

=  10  pm'/V  and  x«r  =  0.5  pm/V. 


2.  Gallium  Nitride  (GaN) 

GaN  is  by  far  the  most  studied  Ill-Nitride  material.  A 
thin  AIN,  GaN  or  AlGaN  buffer  layer  is  generally  used 
for  the  growth.  Basal  plane  AI2O3  and  SiC  substrates  are 
most  commonly  used.  Films  as  thick  as  100  /i m  have  been 
reported,  depending  on  the  growth  technique  utilized.  In 
face  of  the  growing  interest  in  these  materials,  there  has 
been  an  effort  to  grow  bulk  GaN  single  crystals  using  high 
pressure  growth  or  hydride  VPE  followed  by  substrate 
lift-off.  This  is  undoubtedly  a  promising  topic  for  future 
research. 

High  crystalline  quality  GaN  thin  films  have  been 
achieved,  with  open  detector  x-ray  rocking  curve 
linewidths  as  low  as  30  arcsecs  (Figure  4)  and  asymmetric 
x-ray  rocking  curve  linewidths  as  low  as  400  arcsecs  [27]. 
The  thermal  stability  of  GaN  has  been  reported  [31]. 


Fig.  4.  Symmetric  x-ray  diffraction  spectrum  of  an  GaN 
film  on  basal  plane  sapphire  [27]. 
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Fig.  5.  Room  temperature  optical  transmission  and  photo¬ 
luminescence  from  a  GaN  film  on  AI2O3  substrate  [27]. 

\ 

\  \ 

\  .  \ 

Undoped  GaN  films  are  usually  either  highly  resistive 
or  exhibiting  n-type  conduction  with  a  residual  carrier 
concentration  ~1016  cm”3  at  room  temperature  and  an 
electron  mobility  as  high  as  900  cm2/Vs.  Theoretical 
calculations  showed  that  the  maximum  300  K  electron 
mobility  in  GaN  was  2,350  cm2/Vs.  The  pyroelectrici¬ 
ty  properties  of  GaN  have  been  measured  and  yielded  a 
pyroelectric  voltage  coefficient  of  ~104  V/mK. 

The  optical  properties  of  GaN  are  usually  assessed 
through  optical  transmission  and  photoluminescence 
(PL),  as  shown  in  Figure  5.  Free  excitons  A,  B  and  C 
have  been  observed  with  peak  linewidths  of  ~l-3  meV  at 
2  K  using  photoluminescence  (PL).  The  room  tempera¬ 
ture  PL  linewidths  are  typically  as  low  as  ~30  meV,  as 
shown  in  Figure  5.  Residual  acceptor  and  donor  relat¬ 
ed  luminescence  transitions  are  often  observed  as  well. 
A  broad  ‘yellow’  luminescence  is  sometimes  observed 
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and  has  been  attributed  to  defects  in  GaN  (see  Section 
7).  Transition  metal  ( e.g .  Fe,  V)  have  been  observed 
by  infrared  spectroscopy.  Second  harmonic  generation 
from  GaN  films  have  yielded  the  non  linear  coefficients: 

which  was  11  times  the  x^xxx  of  quartz,  and 
X&z  which  was  -22  times  the  x^xx  of  quartz  [6]. 

3.  Ternary  AUGai_xN 

Ternary  AlxGai_xN  has  been  grown  oyer  the  entire 
compositional  range.  Generally  an  AIN  or  GaN  buffer 
layer  is  used,  although  there  are  some  reports  of  Al- 
GaN  buffers.  Here  again,  basal  plane  AI2O3  and  SiC  are 
the  preferred  substrates.  The  films  are  typically  thin¬ 
ner  than  1~1.5  /im.  High  crystallinity  AlGaN  films  have 
been  achieved  on  sapphire  substrates,  with  open  detector 
symmetric  x-ray  rocking  curve  linewidths  as  low  as  100 
arcsecs  [32]. 

The  resistivity  of  AlxGai_xN  was  found  to  increase  ex¬ 
ponentially  with  A1  concentration  (z)  [32].  This  behavior 
still  needs  to  be  understood  and  is  an  important  area  of 
future  research.  Low  A1  concentration  alloys  sometimes 
show  limited  n-type  conduction  due  to  residual  donors  as 
in  the  case  of  GaN.  AlxGai_xN  are  reported  to  exhibit 
negative  electron  affinity  for  x  >  0.75  and  have  been  used 
in  cold  cathode  applications  [29]. 

The  optical  properties  of  AlxGai_xN  have  been  as¬ 
sessed  using  cathodoluminescence  and  optical  absorp¬ 
tion,  in  particular  to  determine  the  bandgap  energy 
as  shown  in  Figure  6.  A  bandgap  bowing  parameter 


Fig.  7.  Room  temperature  energy  gap  of  AlxGai_xN  deter¬ 
mined  by  optical  absorption  as  a  function  alloy  composition 
cis  determined  by  x-ray  diffraction  [33]. 

has  been  measured  to  be  between  —1.0  and  1.0  eV,  as 
shown  in  Figure  7  [33].  Calculations  (for  zinc  blende 
AlxGai_xN)  have  predicted  this  parameter  to  be  0.53 
eV.  There  is  some  uncertainty  on  the  exact  alloy  com¬ 
position  due  to  the  presence  of  strain  in  the  thin  films. 
Ellipsometry  and  photoreflectance  measurements  have 
been  conducted  and  yielded  the  refractive  index  of  a  few 
AlxGai_xN  alloys  (e.g.  0.1  lower  than  GaN  for  z=0.1). 
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Fig.  6.  Room  temperature  optical  transmission  of 
AlxGai-TN  for  0  <  x  <  1  [32]. 


4.  AlGaN/GaN  heterostructures 

One  of  the  main  advantages  of  the  Ill-Nitrides  over 
other  wide  bandgap  materials  such  as  SiC  is  the  poten¬ 
tial  to  fabricate  heterostructures  and  achieve  bandgap 
engineering  within  the  same  material  system.  However, 
AlGaN/GaN  heterostructures  are  still  in  their  infancy 
and  much  remains  to  be  done. 

Two  dimensional  electron  gas  (2DEG)  has  been 
demonstrated  at  the  AlGaN/GaN  interface.  Room  tem¬ 
perature  electron  mobilities  as  high  as  2,000  cm2/Vs  have 
been  measured  for  a  sheet  carrier  density  of  1013  cm-2. 
At  20  K,  the  electron  mobilities  were  as  high  as  5,700 
cm2/Vs  and  7,500  cm2/Vs  for  structures  on  sapphire 
and  SiC  substrates  for  a  sheet  carrier  of  5xl012  cm“2 
[34].  Theoretical  modelings  showed  that  piezoelectric 
scattering,  as  well  as  polar  optical  and  ionized  impuri¬ 
ty  scattering,  played  an  important  role  in  the  mobility  of 
2DEG  in  GaN  [35]. 

Calculations  of  the  strain  induced  piezoeffect  at  lat¬ 
tice  mismatched  Ill-Nitrides  have  been  carried  out.  The 
piezoelectrically  induced  charge  in  GaN/ AlGaN  has  been 
measured  in  field  effect  transistor  structures  [36]. 
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Wavelength  (nm) 

Fig.  8.  Room  temperature  optical  transmission  of 
AlxGai_a:N/AlyGai_yN  multilayer  Bragg  reflectors  [32]. 


Fig.  9.  Open  detector  x-ray  diffraction  spectrum  of  a  13 
period  500  A  Alo.2Gao.sN/50  A  GaN  superlattice. 


Band  alignments  in  the  Ill-Nitride  material  system 
have  been  investigated  and  remain  a  controversial  is¬ 
sue.  Theoretical  calculations  estimated  that  the  valence 
band  offsets  of  (wurtzite)  AIN,  GaN  and  IriN  to  be 
:  AlN/GaN=0.7~0.81  eV  and  GaN/InN=0.3~0.48  eV. 
Experimental  measurements  of  the  valence  band  offsets 
yielded:  AlN/GaN=0.70~1.36  eV,  GaN/InN=1.05  eV 
and  AlN/InN=1.81  eV  [37]. 

Bragg  reflectors  using  Al^Gax.^N/AlyGai-yN  multi¬ 
layers  have  been  demonstrated.  The  peak  reflectivity 
could  be  tuned  by  varying  the  periods  of  the  multilay¬ 
er  structures,  as  shown  by  the  a  sudden  decrease  in  the 
optical  transmission  spectrum  in  Figure  8  [32]. 

X-ray  diffraction  from  AlGaN/GaN  superlattices  have 
revealed  clear  satellite  peaks,  as  shown  in  Figure  9.  This 


confirms  that  high  structural  quality  interfaces  can  be 
achieved  in  this  material  system. 

5.  Ternary  Gai-xIn^N 

Ternary  Gai_xInrN  have  been  grown  in  the  entire 
composition  range.  However,  the  material  quality  sig¬ 
nificantly  deteriorates  as  the  In  concentration  increas¬ 
es.  It  was  shown  that  the  Gai-^In^N  alloy  composition 
and  material  quality  very  strong  depended  on  the  growth 
conditions,  in  particular  the  growth  temperature,  growth 
pressure,  V /III  ratio,  growth  rate.  To  grow  alloys  with 
higher  In  concentration,  it  is  generally  necessary  to  lower 
the  growth  temperature,  raise  the  growth  pressure,  in¬ 
crease  the  V /III  ratio  and  growth  rate  [38]. 

Moreover,  it  has  been  reported  that  GaN  and  InN  have 
a  miscibility  gap  [39].  Gai-Jn^N  films  are  generally  thin 
(<0.5  fim)  and  are  grown  on  thick  GaN  films  (>1  fim)  on 
basal  plane  AI2O3  or  SiC  substrates.  The  x-ray  rocking 
curve  linewidths  can  be  as  low  as  480  arcsecs  (for  14  % 
In)  [40]. 

As  grown  Gai^In^N  films  generally  show  n-type 
conduction  ( n  >  1017  cm’3  at  300  K).  Room  tem¬ 
perature  photoluminescence  measurements  showed  that 
Gai_rInxN  can  have  a  linewidth  as  low  as  70  meV  (for 
14  %  In).  The  bandgap  bowing  parameter  has  been 
measured  to  be  between  1.0  and  3.2  eV,  as  shown  in 
Figure  10  [33].  Theoretical  calculations  (for  zinc-blende 
Gai-^In^N)  predicted  a  value  of  1.02  eV.  Ellipsome- 
try  has  yielded  the  refractive  index  of  Ga!_rInrN  to  be 
~0.05  higher  (for  z=0.06)  than  that  of  GaN. 

Improving  the  quality  of  Ga^In^N  compounds  for 
x  >  0.5,  as  well  as  enhancing  the  uniformity  of  the  growth 


In%  by  x-ray  diffraction 

Fig.  10.  Room  temperature  energy  gap  of  Gai_xInxN  de¬ 
termined  by  photoluminescence  as  a  function  alloy  compo¬ 
sition  as  determined  by  x-ray  diffraction  [33].  Data  points 
labeled  “Nichia”  are  taken  from  reference  [40].  Data  points 
labeled  “CQD”  are  taken  from  reference  [33]. 
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over  large  areas  remain  a  challenge  for  the  future. 

6.  GalnN/GaN  Heterostructures 

GalnN/GaN  heterostructures  and  quantum  wells  have 
been  reported,  although  they  have  been  more  often  char¬ 
acterized  in  actual  devices  [41,42]. 

The  cathodoluminescence  intensity  was  shown  to  in¬ 
crease  by  several  orders  for  GalnN/GaN  multi-quantum 
wells  compared  to  bulk  GalnN  films  [43].  There  have 
been  reports  of  “composition  pulling  effect”  in  thin 
GalnN  films  grown  on  GaN  [44].  It  was  shown  that  the 
lattice  mismatch  between  the  growing  GalnN  layer  and 
the  underlying  GaN  prevented  the  incorporation  of  indi¬ 
um  into  the  lattice.  This  can  have  significant  effect  in 
the  control  of  the  emission  wavelength  from  GalnN/GaN 
quantum  wells.  Finally,  quantum  confined  Stark  effect 
in  GalnN/GaN  multiquantum  wells  due  to  piezoelectric 
effects  has  been  recently  reported  to  influence  the  opti¬ 
cal  properties  of  these  structures  [45].  This  effect  can  be 
minimized  by  adequately  doping  the  structures  with  Si. 

VI.  DOPING  OF  III-NITRIDES 

In  order  to  fabricate  devices,  it  is  necessary  to  con¬ 
trol  the  doping  of  Ill-Nitrides.  The  n-type  doping  in 
these  materials  has  generally  been  much  easier  than  the 
p-type  doping,  this  is  mainly  because  Ill-Nitrides  have 
the  tendency  to  exhibit  n-type  conductivity  as  grown. 
Like  other  III- V  semiconductors,  the  n-type  doping  can 
be  achieved  using  group  VI  elements,  while  the  p-type 
doping  is  achieved  by  incorporating  group  II  elements. 
Group  IV  elements,  such  as  Si  and  Ge,  act  as  donors  in 
Ill-Nitrides,  whereas  C  seems  to  act  as  an  acceptor.  This 
is  due  to  the  fact  that  Si  and  Ge  have  an  electronegativ¬ 
ity  closer  to  Al,  Ga  and  In  than  N,  and  thus  would  be 
more  likely  to  replace  Al,  Ga  and  In  than  N.  The  elec¬ 
tronegativity  of  C  is  closer  to  N  than  to  the  group  III 
elements,  and  thus  would  more  likely  to  replace  N  in  the 
Ill-Nitride  lattice. 

1.  N-type  Doping 

There  have  been  a  few  reports  of  Ge  doped  AIN  films 
which  exhibited  n-type  conductivity,  although  not  much 
information  is  available. 

The  n-type  doping  of  GaN  films  has  been  much  more 
investigated  using  Si,  Ge  [46],  Se,  sulfur  [47]  and  oxy¬ 
gen.  The  most  successful  dopants  have  been  Si  and  Ge. 
Doping  control  has  been  achieved  up  to  a  carrier  con¬ 
centration  of  1020  cm-3.  The  Si  level  in  the  bandgap 
was  estimated  to  be  ~22  ±4  meV  below  the  bottom  of 
the  conduction  band  [48].  Impurity  band  conduction  is 


usually  observed  at  low  temperatures. 

The  n-type  doping  of  AlarGai_xN  compounds  has  been 
successfully  carried  out  using  Si  and  Ge  [49].  N-type  con¬ 
duction  has  been  observed  up  to  an  Al  concentration  of 
x  <  0.6.  Future  research  will  be  oriented  towards  enhanc¬ 
ing  the  n-type  conductivity  for  alloys  with  x  >  0.6.  The 
n-type  doping  of  Gaisin*  N  alloys  using  Si  has  also  been 
conducted,  although  this  has  not  been  done  to  enhance 
the  electrical  properties  of  the  films  but  rather  the  optical 
properties.  It  was  shown  that  Si  doping  of  Gaisin*  N 
significantly  increased  the  photoluminescence  intensity 

[50]. 

2.  P-type  Doping 

There  have  been  only  very  few  reports  of  doping  of 
AIN  films  by  incorporating  unusually  high  amounts  of  C 
into  the  lattice  [51]. 

The  p-type  doping  of  GaN  films  has  been  achieved  us¬ 
ing  Mg.  The  doping  control  is  not  easy  at  all  as  it  is  very 
sensitive  to  dopant  flow  rate.  As  doped  films  are  gener¬ 
ally  insulating  (except  a  few  reports  of  as  grown  p-type 
GaN  by  MBE)  and  require  post-growth  treatment  such 
as  thermal  annealing  (>600  °C  under  nitrogen  or  vacu¬ 
um)  or  low  energy  electron  beam  irradiation  (LEEBI)  to 
activate  the  p-type  dopant  [52,53].  The  mechanism  by 
which  this  happens  has  been  identified  as  the  breaking 
of  Mg-H  bond  [54].  The  concentration  of  Mg  atoms  in 
the  lattice  is  typically  <1019  cm"3,  but  the  room  tem¬ 
perature  free  hole  concentrations  are  generally  <5xl018 
cm"3  for  a  mobility  <20  cm2/Vs.  The  activation  energy 
of  Mg  has  been  estimated  to  be  150~200  meV.  Impurity 
band  conduction  is  also  observed  at  low  temperatures  in 
p-type  GaN  films. 

The  p-type  doping  of  A^Gai^N  has  been  carried  out 
using  Mg  and  the  alloys  showed  p-type  conductivity  up 
to  x  <  0.3  [32].  Gai_xInxN  alloys  have  also  been  p-type 
doped  using  Mg  for  x  <  0.09  [55]. 

Much  more  research  work  in  the  p-type  doping  of  Ill- 
Nitrides  is  necessary  in  the  future,  in  particular  for  GaN 
and  for  A^Gai^N  for  x  >  0.3.  Research  directions  in¬ 
clude  new  doping  sources,  new  doping  scheme  involving 
co-doping  [56]. 


VII.  DEFECTS  STUDY  IN  III-NITRIDES 

Because  nearly  all  I II- Nitride  films  used  in  devices  are 
grown  on  a  foreign  substrate,  defects  will  necessarily  form 
at  the  epilayer/substrate  interface.  The  high  densities  of 
defects  generally  lead  to  much  confusion  and  has  made  it 
difficult  to  separate  the  effects  due  to  one  type  of  defect 
from  those  due  to  another. 

The  GaN  films  grown  on  sapphire  exhibit  a  limited 
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coherence  length  which  is  at  the  origin  of  the  GaN  x- 
ray  diffraction  peak  broadening,  as  determined  through 
reciprocal  space  maps  of  GaN  films  on  AI2O3.  This  was 
consistent  with  transmission  electron  microscopy  (TEM) 
measurements  [57] .■ 

Threading  dislocations  and  stacking  faults  are  one  of 
the  most  common  defects  in  Ill-Nitrides  and  are  visual¬ 
ized  using  TEM.  AIN  films  on  sapphire  generally  exhibit 
threading  dislocation  densities  ~1010  cm-2  with  Burgers 
vectors  of  the  type  l/3<ll-20>  [58].  Threading  dislo¬ 
cations  densities  in  GaN  are  generally  higher  than  108 
cm"2,  even  for  GaN  on  limited  bulk  GaN  substrate.  The 
Burgers  vectors  are  of  the  type  l/3<ll-20>  (pure  edge) 
and  l/3<ll-23>  (mixed  screw-edge)  [59]. 

Some  of  these  defects  can  be  visualized  through  etch 
pit  revelation  after  wet  chemical  etching.  Etch  pits  have 
been  studied  and  compared  in  GaN  grown  using  different 
Ga  precursors  [24].  Different  etch  pit  sizes  and  shapes 
were  observed.  An  etch  pit  density  of  ~104  cm-2  could 
be  determined.  Atomic  force  microscopy  and  TEM  have 
also  been  used  to  reveal  pits  in  GalnN  [60]. 

Point  defects  are  usually  experimentally  observed  indi¬ 
rectly  using  optical  methods  such  as  photoluminescence 
or  cathodoluminescence.  For  example,  Ga  vacancies  have 
been  shown,  both  experimentally  and  theoretically,  to 
be  one  cause  for  the  yellow  photoluminescence  in  GaN 
films  [61].  Spatially  resolved  cathodoluminescence  also 
revealed  that  this  yellow  luminescence  was  stronger  at 
grain  boundaries  [62]. 

Obviously,  the  ultimate  objective  will  be  to  achieve 
defect-free  Ill-Nitride  films.  Unless  high  quality  bulk 
Ill-Nitride  substrates  become  available,  other  approaches 
have  to  be  developed  to  reach  this  goal. 

The  first  will  be  to  use  of  compliant  substrates  with 
wafer  bonding  and  substrate  lift-off  [63].  This  has  been 
achieved  for  InSb  on  GaAs.  However,  several  issues, 
such  as  the  stiffness  of  Ill-Nitride  materials,  AI2O3  or 
SiC  substrates  are  likely  to  limit  the  applicability  of  this 
technique  for  Ill-Nitrides.  Lateral  epitaxial  overgrowth, 
followed  by  substrate  lift-off  as  well,  is  a  promising  tech¬ 
nique  to  achieve  nearly  dislocation  free  films.  This  re¬ 
quires  the  capability  to  apply  a  dielectric  pattern  onto 
a  template  layer,  followed  by  single  or  multiple-step  re¬ 
growth  [64],  Finally,  multilayer  techniques  can  also  be 
used  to  minimize  the  propagation  of  threading  screw  dis¬ 
locations  to  a  density  below  107  cm-2  [65]. 

VIII.  PROCESSING  TECHNOLOGIES 

The  methods  of  fabrication  for  Ill-Nitride  devices  have 
always  been  challenging  due  to  the  wide  bandgap  of  the 
Nitrides  which  makes  them  physically  and  chemically  sta¬ 
ble  and  which  limits  the  number  of  metals  that  can  form 
good  ohmic  contacts. 
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1.  Etching 

Because  most  devices  are  grown  on  sapphire  which  is 
insulating,  it  is  not  possible  to  make  back  electrical  con¬ 
tact  through  the  substrate.  Etching  is  therefore  a  critical 
and  necessary  step  for  the  fabrication  of  most  optical  and 
electronic  nitride-based  devices,  in  particular  to  be  able 
to  reach  both  electrical  contacts. 

Conventional  wet  chemical  etchants  have  not  been  suc¬ 
cessful  for  use  in  the  fabrication  of  GaN-based  devices 
due  to  the  low  chemical  reactivity  of  the  nitrides.  Many 
dry  etching  techniques  have  been  found  to  be  successful, 
but  ion-induced  damage  to  the  etched  surface,  such  as 
gate  recessing  for  FETs,  is  unacceptable.  Some  study 
has  been  done  using  a  photoenhanced  wet  etching  tech¬ 
nique,  which  achieved  etch  rates  of  50  nm/min  and  a  sur¬ 
face  roughness  of  1.5  nm  [66].  Unfortunately,  this  etching 
method  does  not  seem  as  efficient  for  p-type  GaN  due  to 
the  nature  of  the  surface  oxidation  reaction  involved. 

A  more  universal  procedure  for  etching  nitride  materi¬ 
al  involves  a  low  ion  energy,  high  density  plasma  etching 
technique  such  as  inductively  coupled  plasma  reactive  ion 
etching  (RIE),  electron  cyclotron  resonance  (ECR),  and 
chemically  assisted  ion  beam  etching  (CAIBE).  These 
methods  offer  low  energy  ion  bombardment  and  smooth, 
anisotropic  etching  at  high  rates.  Important  parameters 
in  such  processes  include  the  chamber  pressure,  electrode 
temperature,  ion  energy,  ion  density,  electromagnet  cur¬ 
rent,  gas  chemistry,  and  ion  bombardment  angle.  Several 
plasma  chemistries  have  been  utilized  in  these  high  den¬ 
sity  plasma  systems,  which  provide  varying  levels  of  etch 
rate  matching  between  binary  compounds.  A  few  popu¬ 
lar  chemistries,  along  with  their  attributes  are  listed  in 
Table  8  [67-69]. 

Beside  etching  the  Ill-Nitride  device  structure  in  order 
to  be  able  to  achieve  electrical  contact,  dry  etching  has 
also  been  a  promising  method  to  fabricate  mirror  facets 
in  nitride  based  lasers. 

Indeed,  because  of  the  30  degree  rotation  between  the 
crystal  lattices  of  Ill-Nitrides  and  sapphire  substrate, 
the  cleaving  planes  of  the  epilayers  and  substrates  do 
not  coincide.  Mechanical  polishing  has  been  a  popu¬ 
lar  method  to  achieve  mirrors  in  Ill-Nitrides,  but  it  is 
a  time-consuming,  cumbersome  task  that  rarely  achieves 
the  smoothness  desired  and  is  not  a  viable  option  for 
mass  production. 

Dry-etching  still  is  the  most  popular  technique  for  mir¬ 
rors  in  Ill-Nitrides,  because  it  is  easy  and  fast;  although, 
the  cleaving  of  sapphire  after  substantial  substrate  thin¬ 
ning  is  recently  making  a  growing  case.  Using  dry  etch¬ 
ing,  to  attain  a  smooth  vertical  mirror,  it  is  important 
that  the  etch  be  non  composition  dependent  in  order  to 
attain  similar  etch  rates  for  each  layer  in  the  laser  struc¬ 
ture,  thus  ensuring  that  there  will  be  no  undercutting, 
protrusions  or  other  significant  flaws  in  the  etched  verti- 
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Table  8.  Plasma  etch  chemistries,  their  etch  rates  for  various  Nitride-based  binary  compounds  and  advantages. 


Chemistry 

Material 

Typical  etch  rate* 

Comments 

GaN 

2850  A/min 

This  chemistry  does  not  allow  for  the 

SiCL/Ar 

AIN 

1245  A/min 

incorporation  of  hydrogen.  At  hight  temp, 

InN 

3840  A/min 

170  °C,  inN  and  GaN  are  both  ~2350  A/min. 

GaN 

4800  A/min 

If  H2  used  the  etch  rates  will  be  slightly 

CH2/(H2)/Ai 

AIN 

1150  A/min 

higher,  but  the  different  compounds  will 

InN 

InGaN 

5850  A/min 

3200  X/min 

have  more  unequal^rates  of  etching. 

GaN 

1450  4/ min  ' 

CH4  provides  polymer  sidewall 

CH4/h2/Ar 

AIN 

1150  A/min 

protection  for  additional  anisotropy,  but 

v  InN 

3300  tymm 

coats  the  chamber  walls  and  requires 

InGaN 

3500  A/min 

extensive  conditioning  of  chamber. 

Cb/BCls/Ar 

GaN 

6000  A/min 

5000  A/min 

6500  A/min 

Dose  not  introduce  hydrogen.  Vergy  fast 

AIN 

InN 

etch  rates  for  all  three  binary  compounds. 

*Etch  rates  are 

dependent  on  recipe  parameters 

.  These  numbers  should  only  be  viewed  as  a  comparison  index  for  within  each 

chemistry. 


cal  plane.  Furthermore,  with  the  advances  in  high  densi¬ 
ty  plasma  control  and  directional  ion  bombardment  sys¬ 
tems  such  as  CAIBE,  the  ability  to  achieve  an  anisotropic 
sidewall  to  the  etch  is  developing  rapidly.  The  standard 
roughness  for  these  mirrors  is  about  50  nm.  Recent  in¬ 
vestigations  have  placed  the  reflection  coefficient  at  about 
15  %  [70].  Although  this  value  is  what  is  expected  for  a 
GaN-air  interface,  it  is  not  sufficient  for  high-power,  long¬ 
lifetime  lasers  and  high  reflectivity  coatings  are  usually 
used  in  nitride  lasers. 

Although  the  dry  etching  technology  of  Ill-Nitride  ma¬ 
terials  has  been  successfully  developed,  the  results  are 
still  not  consistent,  i.e.  there  are  no  standard  etch  recipes 
that  work  universally.  This  may  be  due  to  the  fact  that 
the  etches  are  conducted  on  materials  with  very  dissimi¬ 
lar  quality.  The  future  in  dry  etching  of  Ill-Nitrides  will 
be  to  develop  such  a  standard  etch.  Important  qualities 
of  this  ideal  etching  recipe  are  high  etch  rate,  minimum 
structural  and  electrical  damage,  and  reproducibility. 

IX.  MET?AL  CONTACTS 

i  j 

When  a  metal  is  applied  to  a  semiconductor,  the  junc¬ 
tion  can  be  ohmic  or  rectifying,  leading  to  an  ohmic  or  a 
Schottky  contact. 

High  quality,  low-resistance  ohmic  contacts  are  a  neces¬ 
sary  component  in  the  fabrication  of  nitride  based  devices 
in  order  to  electrically  connect  the  semiconductor  device 
structure.  For  example,  a  high  metal-GaN  contact  resis¬ 
tance  would  result  in  a  voltage  drop  and  thus  hinder  the 
performance  of  these  devices.  This  is  even  more  impor¬ 
tant  in  lasers  where  high  contact  resistance  is  a  common 
cause  for  the  high  threshold  voltages  and  Joule  heating 
which  leads  to  early  device  failure.  Low-resistance  metal 
contacts  on  both  p-  and  n-type  Ill-Nitrides  are  therefore 
much  sought  for,  but  because  of  their  wide  bandgap,  not 


many  metals  have  the  adequate  work  function  to  form  a 
ohmic  contact  to  Ill-Nitrides. 

Electrical  contacts  to  n-GaN  are  well-studied,  and  sev¬ 
eral  different  schemes  have  been  found  to  be  acceptable 
for  use.  The  ohmic/rectifying  nature  of  the  metal  contact 
is  usually  easily  predicted  because  the  barrier  directly  de¬ 
pends  on  the  work  function  difference  between  the  metal 
and  the  semiconductor.  Any  metal  with  a  work  function 
less  than  that  of  n-GaN  is  expected  to  form  an  ohmic 
contact  to  it  provided  that  there  are  no  surface  states. 

However,  this  is  not  always  the  case  because  of  contam¬ 
ination  and  oxide  which  can  exist  on  GaN  surfaces.  These 
problems  can  be  solved  by  utilizing  some  surface  prepa¬ 
ration  techniques,  which,  when  performed  before  the  for¬ 
mation  of  the  contact  metal,  can  improve  the  contact 
performance  greatly.  The  simplest  method  of  prepar¬ 
ing  a  surface  for  metal  evaporation  to  prevent  either  an 
oxide  film  or  debris  on  the  surface  to  affect  the  electri¬ 
cal  properties  of  the  junction  involves  cleaning,  including 
standard  degreasing  techniques,  dipping  the  wafer  iiito  a 
dilute  HC1  solution  or  dry  etching.  The  latter  may  actu¬ 
ally  serve  a  three-fold  purpose:  cleaning  the  surface  of  the 
wafer  by  sputtering  off  any  native  oxide,  increasing  the 
roughness  of  the  surface  and  increasing  the  contact  area, 
increasing  the  number  of  point  defects  at  the  surface  due 
to  damage  and  thus  creating  an  effective  n+  layer  near 
the  surface. 

All  the  metals  which  are  in  direct  contact  with  the 
semiconductor  surface  share  the  common  characteristic 
of  low  work  function.  Bilayers  and  compound  metal 
structures  are  carefully  designed  to  utilize  the  electrical 
and  mechanical  properties  of  the  alloys  that  are  formed 
during  their  heating,  as  well  as  to  provide  a  top  contact 
metal  layer  on  the  surface  for  wire  bonding  purposes. 
Ohmic  contacts  can  be  fabricated  very  effectively  using 
either  a  low  or  high  temperature  post-evaporation  an¬ 
nealing.  For  example  at  low  temperatures,  between  400 
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Table  9. 
n-GaN. 

A  list  of  ohmic  metal  contact  schemes  for  use  with 

Nitride 

material 

Contact 

material 

Resistivity 

n-GaN 

Nd/Al 

Ti/Au 

Pd/Al 

Ti/Al 

A1 

Ti/Al/Ni/Au 

9.8  xlO-6  O/cm2  (RTA) 

3xl0-6  O/cm3 

1.2xl0_s  O/cm2  (650  °C  anneal) 
5xl0_s  O/cm2  (600  °C  anneal) 
8xl0-6  O/cm2 

8.9x10-*  O/cm2  (RTA+RIE) 

to  600  °C,  Ti  acts  as  an  oxygen  getter,  thus  reducing 
the  native  oxide  on  the  surface,  and  an  Ti-Al  intermetal- 
lic  phase  can  form  and  come  into  contact  with  the  GaN 
[71].  Aluminum  alone,  when  heated,  could  also  reduce 
the  native  oxide,  but  is  limited  by  the  formation  of  an 
AIN  layer  which  accompanies  excessive  annealing.  At 
higher  temperatures  (>900  °C),  if  Ti  is  used  as  the  first 
contact  material,  it  has  been  found  that  TiN  will  form 
at  the  junction  of  Ti  and  GaN  [72].  This  semi-metal, 
coupled  with  the  nitrogen  vacancies  near  the  interface, 
forms  a  very  low  resistance  ohmic  contact. 

Some  common  contact  schemes  used  in  attaining  ohmic 
contacts  to  n-GaN  are  such  as  RIE  damage  and  post¬ 
evaporation  annealing  (rapid  thermal  annealing  or  RTA) 
are  indicated  in  Table  9  [71-75]. 

While  much  work  has  been  done  to  achieve  the  realiza¬ 
tion  of  a  low  resistance,  ohmic  contact  to  n-GaN,  the  in¬ 
vestigation  into  the  p-GaN  metal  contact  has  been  limit¬ 
ed  and  sparse.  Ni/Au  is  the  most  popular  bilayer  contact 
scheme  used  currently  in  many  blue  laser  designs.  It  is 
chosen  due  to  the  large  work  function  of  Ni,  as  well  as  its 
ability  to  adhere  well  to  the  surface  of  the  material,  and 
the  thermal  quality  and  wire  bonding  continuity  that  Au 
offers.  Some  insight  into  the  mechanisms  behind  p-GaN 
interaction  and  Ni/Au  is  necessary  to  determine  whether 
this  is  indeed  the  best  choice  of  material.  Many  different 
metals  with  high  work  functions  have  been  investigated, 
and  a  definite  correlation  between  resistivity  and  work 
function  was  demonstrated  [76].  Unfortunately,  no  work 
has  been  published  yet  which  illustrates  achievement  of 
the  low  contact  resistance  required  for  blue  lasers. 

Also  essential  for  many  devices  are  Schottky  contacts. 


Table  10.  A  list  of  contact  material,  built  in  potential, 
barrier  height,  and  ideality  factor  for  Schottky  contacts  to 
p-GaN. 


Nitride 

material 

Contact 

material 

Built  in 
potential 

Barrier 

height 

Ideality 

factor 

Cr 

0.52  V 

0.55  eV 

1.05 

Au 

1.00  V 

1.03  eV 

1.15 

n-GaN 

Ni 

1.12  V 

1.13  eV 

1.17 

Ag 

0.82  eV 

1.01 

Pb 

0.73  eV 

1.01 
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For  example,  Schottky  barrier  photodiodes  and  JFETs 
make  use  of  a  high-quality  rectifying  contact  to  the  semi¬ 
conductor  material.  Thermal  stability  is  very  important 
for  use  in  high  temperature  applications.  A  short  list  of 
some  tested  materials  is  shown  in  Table  10  [77,78]. 

Low  resistance  ohmic  metal  contacts  to  n-type  GaN 
are  well  developed  and  do  not  need  much  work  in  the 
near  future.  By  contrast,  ohmic  metal  contacts  to  p-type 
GaN  will  receive  the  most  attention.  The  development  of 
Schottky  contacts  is  still  immature.  Although  interest  in 
this  area  of  research  is  growing,  the  contact  quality  must 
be  improved  to  support  the  evolution  of  current  devices. 

X.  DEVICES 

1.  Electronic  Devices 

Not  only  are  Ill-Nitrides  suitable  for  optical  devices, 
they  are  also  promising  for  electronic  devices.  Unlike 
optical  devices  which  make  use  of  Gai-^In^N  alloys  to 
span  the  visible  optical  spectrum,  electronic  devices  use 
AlrGai_rN  compounds  to  make  use  of  the  large  break¬ 
down  voltage,  high  saturation  velocity  and  thermal  con¬ 
ductivity  of  these  materials,  in  order  to  fabricate  devices 
which  could  operate  at  high-frequency,  high  power  and 
high  temperature.  AIN  is  also  a  promising  insulating 
material  as  an  alternative  to  oxides  [79].  Four  figures 
of  merit  are  generally  used  to  characterize  materials  for 
electronic  devices. 

1.  The  Johnson  figure  of  merit  (JFM)  is  related  to  the 
electronic  properties  of  materials.  It  characterizes  the 
frequency-power  trade-off,  since  high  frequency  usually 
requires  small  device  dimension  while  high  power  need 
large  device  size.  JFM  is  calculated  as: 


where  Em  is  the  breakdown  voltage,  Vs  is  the  saturation 
velocity. 

2.  The  Keyes  figure  of  merit  (KFM)  is  related  to  the 
material  thermal  properties.  It  characterizes  the  device 
size  and  thermal  resistance  trade-off,  and  is  calculated 
as: 

K™=A(S1'1' 

where  A  is  the  thermal  conductivity  of  the  materials,  c 
is  the  speed  of  light,  and  c  is  the  material  dielectric  con¬ 
stant. 

3.  The  Baliga  figure  of  merit  (BFM)  addresses  con¬ 
duction  losses  of  low  frequency  power  devices  and  is  cal¬ 
culated  as: 

BFM  =  efiE3m, 

where  //  is  the  carrier  mobility  in  the  material. 
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Table  11.  Comparison  of  the  Johnson  figures  of  merit  of 
different  materials.  _ 


Material 

Eb 

(V/cm) 

vs 

(cm/s) 

[(£6V3)/*]2 

(V2/s2) 

Ratio  to 
Silicon 

Si 

3x10s 

1.0x10' 

9.1x10" 

1.0 

GaAs 

4xl05 

2.0xl07 

64.8  xlO23 

7.1 

GaN 

50xl05 

2.7xl07 

18466  xlO23 

2029 

6H-SiC 

40  x  10s 

2.0xl07 

6485  xlO23 

712 

3C-SiC 

40xl05 

2.0xl07 

6485  xlO23 

71 

Diamond 

100x10s 

2.7xl07 

73863  xlO23 

8117 

Table  12.  Comparison  of  the  Keyes  figures  of  merit  of  dif¬ 
ferent  materials. _ 


Material 

<7 T  (300  K) 
(W/cm) 

Vs 

(cm/s) 

€r 

(Vs/er)1/2 

(W/cm1/2s1/2) 

Ratio  to 

Silicon 

Si 

1.5 

1.0x10' 

11.8 

13.8  xlO2 

1.0 

GaAs 

0.5 

2.0xl07 

12.8 

6.25X102 

0.45 

GaN 

1.3 

2.7xl07 

9 

22.5X102 

1.6 

6H-SiC 

5.0 

2.0xl07 

9.7 

71.8xl02 

5.2 

3C-SiC 

5.0 

2.0xl07 

9.7 

71.8xl02 

5.2 

Diamond 

20.0 

2.7xl07 

5.5 

443.1  xlO2 

32.1 

4.  The  Baliga  high-frequency  figure  of  merit  (BHFM) 
addresses  switching  losses  of  high-  frequency  power  de¬ 
vices,  due  to  charging  and  discharging,  and  is  calculated 
as: 

BHFM  =  enE2m 

These  figures  of  merit  allow  give  some  type  of  compar¬ 
ison  between  Ill-Nitrides  and  other  semiconductors  for 
high-frequency,  high-power  and  high-temperature  elec¬ 
tronic  devices.  The  values  are  generally  normalized  to  Si. 
The  values  for  the  JFM  and  KFM  are  listed  in  Table  11 


and  respectively.  From  these  tables,  it  can  be  seen  that 
GaN,  AIN  are  promising  materials  for  high-performance 
electronic  devices. 

To  date,  III-Nitrides-based  metal-insulator,  metal- 
semiconductor  and  heteroj  unction  field  effect  transistors 
(MISFET,  MESFET,  HFET),  as  well  as  GaN/SiC  hybrid 
heterojunction  bipolar  transistors  have  been  demonstrat¬ 
ed.  More  recently,  AlGaN/GaN  modulation  doped  field 
effect  transistors  (MODFET)  with  cut-off  frequency  as 
high  as  50  GHz  and  maximum  frequency  of  92  GHz  have 
been  achieved.  These  devices  were  able  to  operate  up  to 
500  °C. 

Piezoelectric  effect  between  AlGaN  and  GaN  interfaces 
has  been  investigated  to  generate  two-dimensional  elec¬ 
tron  gas  at  the  interface  without  doping  of  the  barrier. 
HFET  based  on  this  piezoelectric  effect  has  been  demon¬ 
strated  with  cut-off  frequency  as  high  as  62  GHz  and  a 
maximum  frequency  up  to  140  GHz. 

In  spite  of  these  successes,  the  development  of  Ill- 
Nitride  based  electronic  devices  is  still  in  its  infancy. 
Much  research  work  will  be  necessary  to  enhance  the 
performance  and  reliability  of  these  devices  and  fulfill  the 
expected  potential  of  Ill-Nitrides  for  high  frequency,  high 
power  and  high  temperature  electronic  devices.  This  will 
mostly  rely  on  improvement  of  the  material  quality  and 
metal  contact  technology. 

2.  Ultraviolet  Photodetectors 

There  are  many  types  of  types  of  photodetectors. 
Photoconductors,  metal-semiconductor- metal  (MSM), 
Schottky  barrier,  and  photovoltaic  diodes  are  the  most 
common.  They  are  all  considered  useful  for  certain  appli¬ 
cations.  The  advantages  and  disadvantages  of  each  type 


Table  13.  Comparison  of  different  types  of  UV  photodetectors. 


Photodetecotor 

type 

Advantages 

Disadvantages 

Challenges 

Photoconductors 

o  Easy  to  fabricate 
o  Internal  photoelectric  gain 

o  Low  speed 
o  Large  dark  current 
o  Large  Johnson  noise 

o  Interdigitated  patterns 
require  enhanced  resolution. 

P-n  or  p-i-n 
photodiodes 

o  Low  or  zero  dark  current 
o  High-speed 

o  High  impedance  (good  for  FPA 
readout  circuitry) 

o  Compatible  with  planar  processin 
technology  (for  FPA) 
o  For  p-i-n  photodiodes,  easey 

optimization  of  quantum  efficiency 
and  speed  with  I  layer 

o  Speed  is  limited  by 

minority  carrier  diffusion 
time  and  storage  time 
o  Speed  and  quantum 
effciency  trade-off 

o  Etching  in  nessary  to 
expose  various  layers 
o  Ohmic  contacts 
necessary  to  both  n- 
and  p-type  material 

Schottky 

photodiodes 

o  High  efficiency 
o  High  speed 
o  Easy  to  fabricate 

o  Require  high  absorption 
coefficient 

o  No-sharp  cut-off  (below 
bandgap  res.) 

o  Front  side  illumination  needed 

o  Schottky  contact  is  needed 
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of  photodetectors  are  summarized  in  Table  13  [11]. 

The  development  of  photodetectors  based  on  Ill- 
Nitride  material  began  with  the  most  simple  device  de¬ 
sign,  the  photoconductor.  This  device  required  no  p- 
GaN  layer  to  operate,  and  therefore  simplified  not  only 
the  growth  demands,  but  also  the  fabrication  steps  be¬ 
cause  etching  steps  were  not  needed  to  define  the  device 
or  contact  two  electrically  different  types  of  GaN  layers. 
Both  single  stripe  devices  and  interdigitated  contact  de¬ 
signs  have  been  pioneered  to  explore  the  limits  of  current 
responsivity,  noise  equivalent  power  (NEP),  temporal  re¬ 
sponse,  and  rejection  ratio.  The  current  responsivity  de¬ 
pends  on  two  main  factors:  the  quantum  efficiency,  77, 
and  the  photoconductive  gain,  G,  which  are  assumed  to 
be  constant  over  the  volume  of  the  device.  The  quantum 
efficiency  is  a  measure  of  how  well  the  input  radiation  is 
coupled  to  the  electrical  area  of  the  photodetector.  It  is 
usually  defined  as  the  number  of  electron-hole  pairs  gen¬ 
erated  for  each  incident  photon.  Photoconductive  gain 
is  a  concept  that  simplifies  the  idea  of  a  photoconduc¬ 
tive  phenomenon.  The  responsivity  is  significantly  high¬ 
er  for  devices  utilizing  the  closely  spaced  interdigitated 
contacts  due  to  the  photoconductive  gain  mechanism  ex¬ 
ploited  in  the  design.  The  noise  equivalent  power  (NEP) 
is  also  a  parameter  used  to  measure  the  performance  of 
a  detector.  It  is  the  ratio  of  the  current  noise  to  the  re¬ 
sponsivity  of  the  device.  Another  popular  metric  used 
to  quantify  the  performance  of  a  UV  detector  is  the  UV- 
to-visible  rejection  ratio,  which  is  the  ratio  of  the  pho¬ 
toresponse  of  UV  light  to  the  photoresponse  of  visible 
light.  These  parameters  are  outlined  with  their  appropri¬ 
ate  values  in  Table  14  for  several  types  of  photodetectors 
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reported  in  the  literature  [80-89]. 

The  characteristics  of  current  photoconductor  devices 
include  very  fast  response  detectors  [82],  AlxGai_xN  de¬ 
tectors  over  the  entire  range  (0  <  x  <  1)  [80] ,  and  demon¬ 
stration  of  gain  mechanism  in  an  MSM  detector  by  using 
interdigitated  contact  design  with  a  gain  over  3000  A/W 
[83].  GaN  detector  arrays  have  also  been  demonstrated. 
The  kinetics  of  photoconductivity  has  also  been  investi¬ 
gated  in  GaN  photodetectors  [90], 

Schottky  diodes  are  the  most  simple  detectors  to  fab¬ 
ricate  and  are  capable  of  being  extremely  fast.  Several 
groups  have  combined  efforts  to  develop  Schottky  pho¬ 
todetectors  with  high  responsivity  and  low  NEP  [84]. 
They  have  also  fabricated  the  first  GaN-based  photode¬ 
tector  grown  on  a  Si  substrate  rather  than  the  popular 
c-plane  sapphire  substrate  [85]. 

The  last  part  of  Table  14  highlights  the  reported  results 
for  p-n  and  p-i-n  photodiodes  [91].  To  date,  all  the  p- 
n  junctions  in  the  photodiodes  were  formed  using  GaN, 
leading  to  a  cut-off  wavelength  of  365  nm  corresponding 
to  the  bandgap  of  GaN.  The  temporal  response  for  these 
detector  designs  led  to  carrier  lifetimes  as  low  as  20  ns, 
with  very  low  NEP,  good  responsivities  (0.10—0.14  A/W) 
and  rejection  ratios  of  about  three  orders  of  magnitude. 
The  latest  advancement  in  this  field  was  a  GaN  p-i-n 
photodiode  which  not  only  has  a  high  responsivity  of 
0.15  A/W,  but  made  a  jump  from  the  typical  rejection 
ratio  of  103  to  a  much  larger  106,  as  shown  in  Figure  11 

m- 

The  progression  to  faster  response,  higher  rejection  of 
visible  light,  lower  noise  interference,  and  better  response 
are  all  indicative  of  not  only  improved  designs,  but  also  a 


Table  14.  Major  accomplishments  in  Nitride  based  detectors:  photoconductors,  MSM  and  Schottky  diodes,  and  photovoltaic 
detectors. 


Detector 

R  (A/W) 

Grf 

NEP (N) 

T 

Rejection 

Ratio 

Research  Group 

GaN  PC 

125 

600 

20  ns 

Boston  University 

AlxGai_*N 

18-300 

64-150 

<  10“* 

1—2  ms 

icF 

A  PA  Optics 

AIN,  GaN  PC 

AlxGai^rN  PC  (0  <  x  <  1) 

>  10 

(single  stripe) 

<  10-9 

<  3  ms 

103 

CQD-Northwestern 

U  niversity 

GaN  MSA 

0.3 

>  102 

University  of 
Texas-Austin 

GaN  MSA 

3200 

(interdigitated) 

300  fis 

cs 

0 

A 

NASA-Goddard  Space 
Flight  Center 

n-GaN  Schottky  PD 

0.18 

0.65 

5  x  10-9 

120  fis 

10 

APA  Optics 

Texas  Tech  Univ. 

n-GaN  Schottky  on  Si  (111) 

0.10 

4  x  10-9 

102 

APA  Optics,  Texas 
Tech  Univ.,  NC  State 

GaN  p-i-n  PD 

0.11 

0.48 

8.2  fis 

SVT  Associates, 

U  of  Minnesota 

GaN  p-x-n  PD 

0.10 

4  x  10-11 

18  ns 

To3 

APA  Optics,  Texas  Tech 

AlGaN/GaN  p-i-n  PD 

0.14 

0.5 

8  x  10-12 

12  ns 

103 

University  of  Ulinois- 
Wright  Laboratory 

GaN  p-i-n  PD 

0.15 

0.5 

2.5  fis 

10® 

CQD-Northwestern 

University 
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Fig.  11.  Room  temperature  spectral  response  from  a  GaN 
p-i-n  photodiode.  The  responsivity  at  514  nm  Was  measured 
using  a  high  power  argon  laser,  while  the  rest  of  the  spectrum 
was  measured  using  a  Xe  lamp  [89]. 

continued  increase  in  the  quality  of  material.  Ill-Nitride 
based  UV  photodetectors  remain  a  very  promising  field 
for  research  and  development  for  the  future. 

3.  Visible  Light  Emitting  Diodes 

To  generate  visible  light  using  Ill-Nitride  materials, 
one  has  to  use  Gaisin*  N  alloys  in  the  active  layer. 

The  first  generation  of  blue  and  blue/green  LEDs  were 
fabricated  from  GalnN/AlGaN  double-heterostructures 
(DH)  [92].  Although  these  provided  high  optical  out¬ 
put,  higher  than  1  candela  (cd),  they  had  a  broad  spec¬ 
trum  with  linewidths  typically  ~70  nm,  while  the  emis¬ 
sion  spectrum  ranged  from  the  violet  to  the  yellow-orange 
spectral  range,  making  the  output  appear  “whitish-blue” 
to  the  human  eye.  Greatly  improved  LED  performance, 
in  terms  of  both  color  purity  and  intensity,  have  been 
achieved  using  single  quantum-well  (SQW)  structures 
[93-95].  The  emission  peak  linewidths  for  blue  LEDs  (450 
nm)  have  been  reduced  to  20  nm,  with  brightness  as  high 
as  2  cd.  Green  LEDs  (520  nm)  exhibited  a  emission  peak 
linewidth  of  30  nm  and  luminous  intensity  of  12  cd.  The 
latest  record  has  been  achieved  by  using  strained  single 
quantum  wells  of  Gai-xIn^N.  Violet  (405  nm),  blue  (450 
nm)  and  green  (520  nm)  LEDs  has  been  demonstrated 
with  efficiencies  of  9.2  %,  8.7  %  and  6.3  %  respective¬ 
ly  (see  Table  15).  These  LEDs  give  better  performance 
than  those  made  from  other  materials  and  join  the  main¬ 
stream  of  LED  evolution  as  shown  in  Table  16.  White 
LED  have  also  been  demonstrated  by  combining  a  blue 
nitride  LED  with  a  phosphorescent  coating  of  the  LED 
packaging.  All  these  LEDs  are  now  commercially  avail¬ 
able. 

In  addition  to  these  high  brightness  LEDs,  devices  with 
longer  emission  peak  wavelengths,  up  to  600  nm  (orange), 


Table  15.  Nichia  LED  performances  at  forward  current 
If  =20  mA  [93—95]  (predicted  lifetime  ~60,000  hrs  [96]). 


Color 

Peak  A  (nm)  Peak  FWHM  (nm) 

Pout  (m 

iW)  n  (%) 

Violet 

405 

20 

5.8 

9.2 

Blue 

450 

20 

5 

9.1 

Green 

520 

30 

3 

6.3 

Yellow 

590 

90 

0.5 

1.2 

Table  16.  Comparison  of  visible  Ill-Nitride  LEDs  and  those 

fabricated  from  other  semiconductor  materials. 

Color  Material 

Peak 

wavelength 

(nm) 

Luminous  Output 
intensity  power 
(mcd)  (//W) 

External 
quantum 
efficiency  (%) 

AlInGaP 

570 

1000 

400 

1.0 

GaP 

Green  ZnTeSe* 

555 

100 

40 

0.1 

512 

400 

1300 

5.3 

InGaN 

520 

12000 

3000 

6.3 

SiC 

470 

20 

20 

0.04 

Blue  ZnCdSe* 

489 

700 

327 

1.3 

InGaN 

450 

2500 

5000 

9.1 

*At  forward  curren  7/ =10  mA,  All  others  If  =20  mA. 


have  been  achieved  by  increasing  the  indium  composition 
(Table  15)  [96].  However,  the  performance  of  these  de¬ 
vices  are  not  as  satisfactory  because  the  quality  of  GalnN 
tends  to  deteriorate  for  higher  indium  compositions  due 
to  the  dissociation  of  GalnN  at  high  temperatures,  and 
because  of  the  higher  lattice  and  thermal  mismatch  be¬ 
tween  the  well  and  the  barrier  layers  [97]. 

Despite  the  successful  commercialization  of  Ill-Nitride 
based  LEDs,  there  remain  some  important  issues. 

First  is  the  reliability  of  the  devices.  These  LEDs  are 
still  fragile  and  require  careful  handling.  They  can  be 
easily  damaged  by  reverse  bias  greater  than  5  Volts  or 
forward  current  higher  than  100  mA.  This  is  surprising 
because  Ill-Nitrides  are  expected  to  have  high  breakdown 
voltages.  An  improper  doping  profile  or  high  background 
carrier  concentration  in  GalnN  could  be  the  cause  of  fail¬ 
ure  at  high  reverse  bias  or  large  forward  current. 

Second  is  their  thermal  handling  capability.  The  rec¬ 
ommended  operation  temperature  is  <80  °C  to  avoid  ear¬ 
ly  degradation  of  the  devices.  Ideally,  Ill-Nitrides  based 
devices  are  suitable  for  much  higher  temperature  oper¬ 
ation  because  of  their  thermal  properties.  The  unusual 
low  operation  temperature  could  be  due  to  the  high  de¬ 
fect  density  in  the  materials  and  the  thermal  instability 
of  GalnN  active  layer. 

Third  is  the  price.  Commercial  Ill-Nitride  based  LEDs 
cost  more  than  US$  6  apiece,  which  is  still  too  high  for 
large  volume  applications. 

4.  Violet-blue  Laser  Diodes 

The  realization  of  Ill-Nitride  based  laser  diodes  has 
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Table  17.  Current  GaN-based  blue  laser  diode  players. 


Research 

group 

Date 

Structure 

Operation 

mode 

Threshold 

Ao  (nm) 
AA  (nm) 

Output 

power 

Fabrication 

Lifetime 

Nichia 

Nov, 

GalnN  MQW  on 

pulsed 

1.7  A@34  V 

417 

215  mW@ 

RIE  etching  for 

not  tested 

1995 

sapphire 

@RT 

4  kA/cm2 

1.6 

2.3  A&34  V 

mirrors  with  HR 
coating  (60—70  %) 

(>24  hrs) 

Meijo 

Mar, 

GalnN  SQW-SCH  Pulsed 

16  V 

376 

not  given 

RIE  etching  for  mirror 

not  given 

University  1996 

on  sapphire 

@RT 

2.9  kA/cm2 

0.15 

without  coating 

Toshiba 

Sept,  GalnN  MQW  on 

Pulsed® 

5  A@20  V 

417.5 

not  given 

cleaved  along  <1120> 

not  given 

1996 

sapphire 

RT 

50  kA/cm2 

0.15 

on  c-sapphire 

Cree 

1997 

no  details 

Fujitsu 

July, 

1997 

10  GalnN  MQW 
on  SiC 

Pulsed®  RT 
(i%) 

500  mA@22  V 
12  kA/cm2 

405-425 

80  mW 

HR  coated 

Not  given 

UCSB 

Sept, 

1997 

GalnN  MQW  on 
sapphire 

Pulsed,  RT 

50  V 

12.7  kA/cm2 

420 

Not  given 

RIE 

Not  given 

Xerox 

Oct, 

1997 

10  GalnN  MQW 
on  sapphire 

Pulsed@RT 

400  ns  @1  kHz 

25  kA/cm2 

422-432 

Not  given 

Dry  etching 

Not  given 

Sony 

5  GalnN  MQW 
on  sapphire 

Pulsed,  RT, 

500  ns,  1  kHz 

9.5  kA/cm2 

417.5 

<0.2  nm 

Cleaving 

Not  give 

Northwes¬ 
tern  Univ. 

Dec, 

1997 

GalnN  MQW 

"Pulsed,  CW, 
RT 

1.4  kA/cm2 
@77  K 

405-410 

2  mW/facets 
(Pulsed) 

Mechanical  polishing 

140  hrs 
®RT 

Nichia 

Oct, 

1997 

GalnN  MQW 

CW@RT 

16  mA 

1.5  kA/cm2 

390-420 

2  mW 

RIE  mirror  with  HR 
coating 

10,000 

hrs@RT 

eluded  the  research  community  for  many  years.  It  is  only 
after  thorough  development  of  the  material,  processing 
and  device  fabrication  technology  that  such  lasers  have 
been  made  possible. 

There  has  been  outstanding  success  in  GaN-based  blue 
laser  diodes  in  the  past  few  years.  To  date,  nine  research 
groups  worldwide  have  demonstrated  GalnN /GaN  multi¬ 
ple  quantum  well  based  violet-blue  laser  diodes  and  some 
of  the  device  characteristics  are  summarized  in  Table  17. 
Blue  laser  diodes  operating  at  room  temperature  and  in 
continuous  wave  mode  with  a  projected  lifetime  of  20,000 
hours  have  been  demonstrated  and  are  nearing  commer¬ 
cialization.  Most  of  the  recent  nitride  lasers  share  the 
following  characteristics. 

•  The  active  layer  consists  of  a  Gai_rInxN/Gai_j,InyN 
or  GalnN/GaN  multi-quantum  well  (MQW)  with  an 
emission  peak  ranging  from  400  to  430  nm. 

•  The  MQW  is  not  uniform,  but  has  a  quantum  dot-like 
structure.  These  quantum  dots  are  formed  most  likely 
because  of  indium  composition  fluctuation  and  segrega¬ 
tion. 

•  Laser  performances  are  enhanced  when  Si  doping  the 
wells  and  barriers  of  the  MQW. 

•  The  general  structure  of  the  laser  consists  of  a  sep¬ 
arate  confinement  heterostructure,  using  AlGaN  as  the 
cladding  layers,  although  there  has  been  report  of  Al-free 
Ill-Nitride  lasers  [42]. 

•  The  p-type  contact  layer  has  a  hole  concentration  in 
the  range  of  1018  cm”3. 

The  dislocation  density  in  early  generation  of  Ill- 
Nitride  based  lasers  is  measured  to  be  higher  than  107 
cm-2,  which  led  to  very  short  lifetime  and  low  output 


power.  It  is  only  recently  that  much  higher  output  pow¬ 
er  and  longer  lifetime  have  been  achieved  by  reducing  the 
dislocation  density  through  lateral  epitaxial  overgrowth 
(LEO). 

From  the  above  discussion,  it  can  be  seen  that  there  are 
still  many  fundamental  issues  that  need  to  be  addressed. 

First,  there  is  currently  no  real  understanding  of  the 
lasing  mechanism  in  Ill-Nitride  lasers.  There  are  exper¬ 
imental  evidences  that  recombination  in  the  MQW  ac¬ 
tive  layer  is  enhanced  in  these  laser  diodes  by  self-formed 
quantum-dot  like  structures,  or  by  localization  of  exci- 
tons  by  potential  fluctuation  [98-102].  Theoretical  work 
is  necessary  to  study  how  these  structures  are  affecting 
material  and  modal  gain  [103],  recombination  efficiency, 
emission  wavelength  (tunable  by  adjusting  the  dot  or  po¬ 
tential  feature  sizes),  and  how  lasing  can  be  improved  by 
intentionally  control  the  formation  of  such  structures. 

Secondly,  the  mechanism  for  the  formation  of  the  afore¬ 
mentioned  quantum-dot  structure  or  local  potentials  is 
also  unknown.  Is  it  due  to  the  intrinsic  nature  of  GalnN 
ternary  alloys  since  compositional  modulation  due  to 
phase  separation  would  be  energetically  favored  in  this 
material  system?  [39]  Or  is  it  due  to  compressive  strain 
introduced  by  lattice  mismatch?  The  understanding  of 
the  mechanism  would  inevitably  lead  to  better  devices. 

The  effect  of  doping  in  III- Nitride  based  lasers  is  not 
entirely  clear.  Generally  lasers  have  intrinsic  active  layers 
in  order  to  enhance  carrier  diffusion  and  reduce  free  car¬ 
rier  absorption  in  the  active  layer.  However,  Si  doping  in 
Ill-Nitride  lasers  enhances  the  laser  diode  performance 
[100].  It  is  believed  that  the  doping  effectively  screens 
the  piezoelectric  field  in  the  MQW  active  region  [104]. 
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The  p-type  doping  needs  to  be  increased  in  order  to 
minimize  device  resistance.  Searching  for  other  dopants 
seems  hopeless  because  of  the  deep-level  nature  of  ac¬ 
ceptor  dopants  in  Ill-Nitrides,  which  may  be  an  intrin¬ 
sic  nature  of  wide  bandgap  nitride  materials,  just  like 
ZnSe-based  materials.  However,  new  doping  schemes 
such  as  piezoelectric  effect,  which  can  enhance  the  ioniza¬ 
tion  of  impurities  by  built-in  electrical  field,  or  tunneling- 
assisted  carrier  injection  should  be  studied. 

Finally,  the  failure  mechanisms  in  Ill-Nitride  lasers 
need  to  be  determined  and  minimized.  Potential  caus¬ 
es  of  failure  include  heat  generation  due  to  high  series 
resistance,  dislocations  and  other  threading  defects,  as 
well  as  optical  damage  due  to  reabsorption  of  stimulat¬ 
ed  emission  at  defects  which  are  formed  during  growth 
[105].  Reduction  of  defects  is  now  rapidly  being  con¬ 
ducted  through  lateral  epitaxy  overgrowth  [106].  With 
the  progress  of  bulk  GaN  growth  either  by  high-pressure 
technique  or  hydride  VPE  or  LEO  grown,  homoepitaxy 
of  Ill-Nitride  devices  may  be  soon  available. 

XI.  CONCLUSIONS 

This  review  has  showed  that  indeed  much  has  already 
been  achieved  in  the  Ill-Nitride  material  system  over  the 
past  two  decades,  in  particular  the  realization  of  commer¬ 
cial  optical  devices.  Much  more  fundamental  work  still 
needs  to  be  conducted  in  order  to  understand  the  very 
rich  and  unexplored  physical  properties  of  Ill-Nitrides. 
A  better  understanding  of  all  the  physical  parameters 
would  allow  in  turn  a  better  design  of  existing  devices 
and  the  potential  discovery  of  novel  devices. 
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This  paper  describes  properties  of  InGaN  films  grown  on  a  dislocated  GaN  on  sapphire  and  on  a 
dislocation-free  bulk  GaN  substrates  prepared  by  the  sublimation  technique.  We  demonstrated  that 
a  dislocation  in  an  InGaN  worked  as  a  non-radiative  recombination  center  and  that  the  dislocation 
made  the  indium  composition  at  dislocation  site  higher.  By  the  comparison  of  sapphire  and  bulk 
GaN  as  substrates,  GaN  bulk  substrate  was  found  to  make  InGaN  layer  much  more  uniform. 


I.  INTRODUCTION 

GaN  based  blue-to  green  light  emitting  diodes  (LED- 
s)  with  InGaN  active  layer  have  been  already  developed 
and  commercialized  and  laser  diode  (LD)  also  has  been 
developed.  However  in  spite  of  a  lot  of  dislocations  (den¬ 
sity  of  10s  ~  1011  cm”2)  in  InGaN  layer  produced  by 
hetero-epitaxy  with  a  sapphire  substrate,  the  light  emis¬ 
sion  efficiency  of  these  devices  is  very  high.  Recently 
we  reported  that  dislocations  works  as  non-radiative  re¬ 
combination  centers  in  GaN  [1]  and  proposed  the  InGaN 
phase  separation  model  formed  by  different  indium  in¬ 
corporation  rate  at  the  dislocation  site  [2].  Keller  et 
al.  reported  that  the  dislocations  strongly  influence  the 
growth  mechanism  and  the  morphology  of  InGaN  SQWs 
and  bulk  films  [3].  More  recently,  we  showed  by  spatial¬ 
ly  resolved  cathodeluminescence  images  that  dislocations 
work  as  non-radiative  recombination  centers  in  InGaN, 
and  that  the  spiral  growth  due  to  mixed  dislocation  com¬ 
pletely  separates  high-  and  low-indium  compositional  In¬ 
GaN  [4]. 

This  paper  reports  optical  and  structural  properties  of 
GaN  and  InGaN  grown  on  sapphire  and  on  bulk  GaN 
substrates  by  MOCVD. 

II.  SAMPLE  PREPARATION 

The  InGaN/GaN  MQW  (multiple  quantum  well)  and 
SQW  (single  quantum  well)  structures  with  indium 
content  of  less  than  20  %  were  grown  by  horizontal 
atmospheric  metal  organic  chemical  vapor  deposition 
(MOCVD)  system  on  a  (0001)  sapphire  substrate  and 
on  a  (101_0)  plane  of  a  bulk  GaN  which  was  prepared 
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by  the  sublimation  method  [5].  The  dislocation  density 
in  homoepit axial  GaN  and  heteroepitaxial  GaN  on  sap¬ 
phire  are  less  than  106  cm"2  and  5xl08~5xl09  cm-2, 
respectively.  Flow  rate  of  trimethylgallium  (TMG), 
trimethylindium  (TMI)  and  NH3  used  as  source  gases 
in  InGaN  growth  were  44  //mol /min,  116  //mol /min,  and 
10  SLM,  respectively.  The  structure  of  the  samples  pre¬ 
pared  in  this  study  is  GaN  (0.1  /im)/SQWor  MQW/GaN 
(1.5  //m)/buffer  GaN  (2.5  nm)/sapphire  (0001). 

Two  different  series  of  samples  were  grown.  In  one 
series,  only  growth  time  and  hence  thickness  of  InGaN 
in  10  period  of  MQW  was  changes  while  keeping  growth 
temperature  of  715  °C  and  GaN  barrier  layer  thickens  of 
7.5  nm.  Three  samples  had  InGaN  well  with  thicknesses 
of  1.25  nm,  2.5  nm  and  5  nm.  The  indium  composi¬ 
tion  determined  by  x-ray  diffraction  satellite  peaks  was 
0,126.  In  the  other  series  of  samples,  only  growth  tem¬ 
perature  of  MQW  layer  was  changed  from  675  °C  to  715 
°C,  and  the  InGaN  growth  time  was  fixed  to  make  InGaN 
thickness  of  about  2~2.5  nm.  The  growth  temperature 
of  GaN  layers  were  1050  °C.  The  samples  were  charac¬ 
terized  by  cathode  luminescence  (CL)  and  transmission 
electron  microscope  (TEM).  CL  measurements  were  per¬ 
formed  with  an  acceleration  voltage  of  5  kV  using  a  JE- 
OL  6400  scanning  electron  microscopy  (SEM)  equipped 
with  an  Oxford  Instrument  Mono  CL2.  Plan- view  and 
cross-sectional  CL  images  were  taken  using  as-grown  and 
thinned  TEM  sample,  respectively. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  79  K  CL  spectra  of  three  10  MQW 
samples  with  different  well  thicknesses.  2.5  nm  sample 
has  the  strongest  emission.  The  spectra  were  taken  at 
several  different  points  on  the  same  wafer.  The  peak  po¬ 
sition  and  half  width  did  not  depend  on  the  measurement 
point  in  1.25  nm  and  2.5  nm  samples,  but  the  peak  po- 
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Fig.  1.  79  K  CL  spectra  of  three  10  MQW  samples  with 
different  well  thicknesses  of  1.25  nm,  2.5  nm  and  5  nm. 

sition  changed  from  position  to  position  in  5  nm  sample, 
as  shown  by  the  bottom  spectrum  of  Fig.  1. 

Figure  2  shows  plan-view  CL  images  taken  at  wave¬ 
length  corresponding  to  the  InGaN  band  edge  at  room 
temperature.  The  surfaces  of  all  samples  are  smooth  and 


featureless,  but  a  high  density  of  dark  spots  of  the  or¬ 
der  of  108  ~  109  cm"2  are  observed  in  1.25  nm  and 
2.5  nm  samples.  Two  pictures  of  1.25  nm  sample  tak¬ 
en  at  two  different  wavelengths  are  almost  identical,  i.e. 
bright  spots  in  367  nm  image  is  also  bright  in  376  nm 
image.  These  dark  spots  are  caused  by  the  dislocation 
as  described  later.  Therefore,  the  indium  composition  is 
uniform  without  any  phase  separation  in  1.25  nm  and  2.5 
nm  samples.  However,  the  situation  seems  very  different 
in  5  nm  sample.  Three  pictures  taken  at  three  different 
wavelength  are  complemental.  Combining  the  result  of 
Fig.  1,  it  can  be  concluded  that  5  nm  sample  is  phase 
separated  into  several  regions  with  different  indium  com¬ 
position. 

Figure  3  is  the  CL  spectra  of  10  MQW  sample  grown  at 
675  °C.  Lowering  InGaN  growth  temperature  to  675  °C 
increased  indium  composition  to  0.14,  although  all  flow 
rates  during  MOCVD  growth  were  the  same  as  those  of 
the  samples  shown  in  Figs.  1  and  2.  The  different  spec¬ 
trum  shape  and  peak  position  at  different  measurement 
position  indicate  that  this  sample  is  phase  separated,  in 
spite  that  InGaN  is  as  thin  as  2  nm. 

Figure  4  is  the  CL  images  of  SQW  and  10  MQW  with 
2  nm  (growth  temperature  675  °C)  and  2.5  nm  (growth 
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Fig.  2.  Plan-view  CL  images  taken  at  wavelength  corresponding  to  the  InGaN  band  edge  at  room  temperature.  The  samples 
are  10  MQW  grown  at  715  °C  on  sapphire  substrate. 
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Fig.  3.  CL  spectra  of  10  MQW  sample  grown  at  675  °C. 
InGaN  thickness  and  indium  composition  are  2  nm  and  0.14, 
respectively. 


temperature  715  °C)  InGaN  layers  taken  at  wavelength 
corresponding  to  the  band  edges  of  GaN  and  InGaN.  In 
the  CL  image  of  the  SQW  sample,  a  dark  spot  in  CL 
image  taken  at  GaN  wavelength  is  also  a  dark  spot  in 
those  taken  at  InGaN  wavelength.  Considering  that  dark 
spots  in  CL  image  taken  at  GaN  wavelength  correspond 
to  dislocations,  dislocation  is  a  non-radiative  recombina¬ 
tion  center  also  in  InGaN.  Comparing  SQW  and  MQW 
grown  at  715  °C,  we  found  that  MQW  CL  is  just  a  su¬ 
perimpose  of  SQW  CL.  Both  MQW  and  SQW  grown  at 
715  °C  is  not  phase  separated.  However,  MQW  grown  at 
675  °C  is  clearly  phase  separated  as  shown  by  the  bot¬ 
tom  pictures.  In  magnified  CL  image  shown  in  Fig.  5, 
it  is  observed  that  a  pair  of  dark  spot  exist  in  all  of  the 
bright  area  in  397  nm  CL  image.  This  paired  dark  spot 
were  identified  as  a  mixed  screw  and  pure  edge  disloca¬ 
tion  [3,4].  Therefore,  the  mixed  dislocation  is  nucleating 
indium  rich  region  resulting  in  the  phase  separation. 

Figure  6  is  the  CL  image  of  10  MQW  with  2  nm  InGaN 
well  grown  at  675  °C  on  a  GaN  bulk  substrate.  Under 
these  growth  conditions,  InGaN  is  phase  separated,  if 
it  is  grown  on  a  sapphire,  however  this  is  not  the  case 
on  bulk  GaN  substrate.  The  CL  image  is  very  uniform 
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Fig.  4.  CL  images  of  SQW  and  10  MQW  with  2  nm  (growth  temperature  675  °C)  and  2.5  nm  (growth  temperature  715  °C) 
InGaN  layers  taken  at  wavelength  corresponding  to  the  band  edges  of  GaN  and  InGaN. 
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Fig.  6.  Room  temperature  CL  image  of  (2  nm-thick  In- 
GaN/4  nm-thick  GaN)  10  MQW  grown  at  675  °C  on  a  GaN 
bulk  substrate  taken  at  wavelength  of  403  nm. 

without  any  dark  spot.  This  result  also  supports  that 
dislocation  triggers  occurrence  of  phase  separation  in  In- 
GaN.  The  InGaN  nucleates  at  the  dislocation  site,  and 
the  incorporation  rate  at  the  dislocation  is  faster  at  this 
site. 

IV.  SUMMARY  AND  CONCLUSION 

Role  of  dislocation  in  InGaN  SQW  and  MQW  struc¬ 
tures  with  different  well  thickness  and  different  growth 
temperatures  were  investigated  by  cathodoluminescence 
(CL).  Same  emission  patterned  CL  images  of  both  GaN 
and  InGaN  showed  that  dislocations  works  as  non- 
radiative  recombination  centers  even  in  InGaN.  The 
phase  separation  due  to  dislocations  were  not  confirmed 
in  those  InGaN  with  thickness  less  than  2.5  nm  if  it  is 
grown  at  715  °C,  but  that  could  be  clearly  observed  when 
the  thick  ness  of  InGaN  grown  at  715  °C  is  5  nm  or 
growth  temperature  is  lowered  to  675  °C.  These  results 


mean  that  the  phase  separation  in  InGaN  is  caused  by 
the  spiral  growth  due  to  mixed  dislocation.  In  fact,  no 
such  phase  separation  was  observed  in  homoepit axial  In¬ 
GaN  grown  on  dislocation-free  bulk  GaN  substrate.  By 
the  comparison  of  sapphire  and  bulk  GaN  as  substrates, 
bulk  GaN  substrate  was  found  to  make  InGaN  layer  much 
more  uniform.  Therefore,  a  bulk  GaN  substrate  gives  a 
big  advantage  over  sapphire  when  it  is  used  as  a  laser  sub¬ 
strate.  Uniform  indium  composition  provides  much  larg¬ 
er  optical  gain,  whereas  the  gain  at  a  fixed  wavelength  is 
available  only  in  the  restricted  area  in  an  inhomogeneous 
InGaN  films. 
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Wide  bandgap  nitride  semiconductors  have  recently  attracted  a  great  level  of  attention  owing  to 
their  direct  bandgaps  in  the  visible  to  ultraviolet  regions  of  the  spectrum.  A  number  of  scientific 
challenges  remain,  however,  including  important  issues  such  as  the  determination  and  control  of 
film  polarity  and  relative  extent  of  various  polarization  effects.  Polarization  effects  arise  from  two 
sources:  1)  spontaneous  polarization  at  heterointerfaces  due  to  the  ionic  wurtzite  nitride  bonds,  and 
2)  strain-induced  piezoelectric  polarization  caused  by  lattice  misfit  or  thermal  strain.  Polarization 
effects  can  impact  heterojunction  structures  such  as  MODFETs  and  quantum  wells.  In  quantum 
wells,  the  fundamental  electron-heavy-hole  transition  in  GaN/AlGaN  quantum  wells  is  observed  to 
red-shift  well  below  the  GaN  bulk  gap  for  well  widths  larger  than  3  nm  for  the  specific  quantum 
wells  investigated.  Polarization  effects  as  pertained  to  nitride  semiconductor  heterostructures  and 
devices  will  be  treated. 


I.  INTRODUCTION 

Gallium  nitride  and  its  alloys  with  InN  and  AIN  have 
recently  emerged  as  important  semiconductor  materials 
with  applications  to  emitters  and  detectors  (visible  to 
UV  range)  and  high  power/temperature  electronics  [1-6]. 
The  production  of  nitride  LEDs  with  acceptable  longevi¬ 
ty  and  brightness  have  already  made  possible  full  col¬ 
or  displays,  signs,  and  lighting.  This  material  system 
is  also  used  for  semiconductor  lasers  in  blue  and  UV 
wavelengths,  which  will  help  provide  data  storage  ca¬ 
pabilities  well  in  excess  of  1  Gbyte/cm2.  In  addition 
to  light  emitter  applications,  GaN  devices  can  be  used 
as  UV  sensors  in  jet  engines  and  automobiles  to  opti¬ 
mize  fuel  efficiency  [7-9].  The  large  bandgap  of  GaN 
also  leads  to  a  large  dielectric  breakdown  field  and  good 
thermal  conductivity,  making  it  desirable  for  high  power 
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electronic  devices  [10].  For  example,  modulation  doped 
FETs  with  a  record  power  density  of  6  W/mm  have  been 
reported  at  frequencies  up  to  10  GHz  [11].  Other  appli¬ 
cations  include  amplifiers  operating  at  high  temperature 
and  low-cost  amplifiers  for  space  applications. 

Despite  the  above  success  stories,  many  fundamental 
problems  remain  with  nitride  materials.  Chief  among 
them,  are  polarization  effects  and  the  control  of  film  po¬ 
larity,  i.e.  the  anion  and  cation  ordering.  This  polarity 
determines  both  the  spontaneous  polarization  present  at 
interfaces  and  any  piezoelectric  fields  in  strained  films. 
These  two  effects  can  strongly  impact  device  operation 
due  to  band  offsets,  carrier  concentration  variations,  etc. 
Historically,  piezoelectric  effects  have  been  studied  exten¬ 
sively  in  concept  and  in  other  II- VI  semiconductors.  The 
GaN  device  literature,  however,  tends  to  lump  all  polar¬ 
ization  effects  under  piezoelectric  effects.  Experimental 
investigations  are  made  more  difficult  by  the  presence 
of  inversion-domains  which  cause  any  piezoelectric  field 
direction  to  change  from  one  domain  to  the  next.  Re- 
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cent  evidence  suggests  that  the  spontaneous  polarization 
actually  plays  a  dominant  role.  As  a  result  of  polariza¬ 
tion,  a  sizable  red  shift  of  the  ground  level  transitions  of 
GaN/AlGaN  and  InGaN/GaN  [12,13]  and  AlGaN/GaN 
[14-16]  quantum  wells  have  been  observed  by  various 
groups  with  increasing  well  width  in  the  range  of  a  few 
monolayers  to  a  few  tens  of  nm.  This  phenomenon  is 
sometimes  accompanied  by  the  concomitant  reduction  of 
the  oscillator  strength  and  by  the  increase  of  the  charac¬ 
teristic  decay  time  of  the  emission  due  to  the  spatial  sep¬ 
aration  of  electron  and  hole  wavefunctions.  All  together, 
these  effects  point  towards  the  existence  of  a  strong  built- 
in  electric  field  in  the  heterostructures  that  causes  a  sub¬ 
stantial  quantum  confined  Stark  effect.  The  current  in¬ 
terpretation  in  the  literature  for  the  observed  Stark  effect 
is  that  it  is  caused  by  a  strain  induced  strong  piezoelectric 
field  [17].  Similarly,  polarization  effects  have  important 
ramifications  in  modulation  doped  FETs  also  due  to  the 
misfit  and  thermal  strain  and  heterointerfaces  involved. 
For  example,  field  caused  polarization  effects  can  increase 
or  decrease  carrier  interfacial  free  carrier  concentrations. 
As  in  the  case  of  quantum  wells,  the  literature  interpre¬ 
tation  of  the  polarization  effects  have  been  lumped  into 
piezoelectric  effects  [18,19].  In  fact  the  exuberance  has 
progressed  so  much  so  that  terms  such  as  piezoelectric 
doping  have  been  coined. 

II.  POLARIZATION  EFFECTS 

As  alluded  to  earlier,  experimental  evidence  exists  that 
supports  the  presence  of  electric  field  in  GaN-based  het¬ 
erostructures.  The  question,  which  in  our  opinion  has 
not  yet  been  fully  answered,  is  what  is  the  origin  of  these 
fields?  Basically,  there  are  two  possible  origins  to  consid¬ 
er:  piezoelectric  effects  and  the  difference  in  spontaneous 
polarization  between  AlGaN  and  GaN  even  in  the  ab¬ 
sence  of  strain. 

Spontaneous  polarization  is  a  somewhat  elusive  quan¬ 
tity  that  was  only  recently  fully  understood  thanks  to 
the  work  of  King-Smith  and  Vanderbilt  [20]  and  Resta 
[21].  Wurtzite  and  zincblende  III-V  semiconductors  lack 
inversion  symmetry  and  as  such  exhibit  piezoelectric  ef¬ 
fects  when  strained  along  the  (0001)  and  (111)  directions, 
respectively.  These  effects  are  particularly  strong  in  ni¬ 
trides  because  of  their  large  piezoelectric  coefficients  (al¬ 
most  an  order  of  magnitude  larger  than  in  traditional 
III-V,  see  Ref.  22  and  table  below)  and  because  of  the 
high  ionicity  and  hence  less  efficient  screening  of  the  re¬ 
sulting  electric  fields.  In  addition,  wurtzite  symmetry 
has  a  unique  axis,  thus  allowing  for  spontaneous  polar¬ 
ization  (Po)  even  in  the  absence  of  strain;  values  of  Pq 
are  given  below  in  table.  This  can  manifest  itself  in  po¬ 
larization  charge  at  hetero-interfaces.  Note  that  for  a 
reasonable  strain  of  0.1  %,  spontaneous  polarization,  P o, 
effects  dominate  if  abrupt  interfaces  of  a  well-determined 


Hadis  MoRKog  et  al 


Table  1.  Piezoelectric  coefficients  in  nitrides  and  some  oth¬ 
er  III-V.  _  _ 


AIN 

GaN 

InN 

AlAs 

GaAs 

InAs 

e33 

(C/m2) 

1.46 

0.73 

0.97 

-0.01 

-0.12 

-0.03 

e3i 

(C/m2) 

-0.60 

-0.49 

-0.57 

0.01 

0.06 

0.01 

Po 

(C/m2) 

-0.081 

-0.029 

-0.032 

Note:  for  Arsenides  which  are  zincblende  crystals,  the  values 
given  are  e33=2,  ei4/3e3i=— ei4/3  from  Bernardini  et  al.  Ref. 


22. 

polarity  are  assumed.  The  fundamental  scientific  ques¬ 
tion  is  how  abrupt  are  real  interfaces  and  how  strong  are 
changes  in  spontaneous  polarization  across  them.  Once 
this  question  is  understood,  the  practical  question  be¬ 
comes:  how  can  these  factors  be  controlled  to  exploit  the 
beneficial  effects  of  charge  build-up  and  their  associated 
fields  on  transport  in  FET’s  and  related  devices  or  avoid 
the  detrimental  effects  of  the  fields  on  radiative  recombi¬ 
nation  efficiency  in  optical  devices. 

Spontaneous  polarization  implies  that  a  polarization 
vector  can  be  present  even  in  the  absence  of  any  exter¬ 
nal  electric  field.  There  are  some  problems  in  defining 
the  polarization  Po  uniquely  directly  in  terms  of  the 
dipole  moment  of  the  charge  distribution  for  an  infinite 
bulk  system.  These  difficulties  can  be  overcome  by  in¬ 
stead  formulating  P  in  terms  of  the  current  operator  j. 
Techniques  for  calculating  it  in  terms  of  a  quantum  me¬ 
chanical  Berry  phase  were  developed  by  King-Smith  and 
Vanderbilt.  Nevertheless,  it  is  generally  agreed  that  this 
polarization  cannot  be  directly  observed  for  a  given  bulk 
material.  The  typical  statement  one  would  find  in  text¬ 
books  (if  the  subject  matter  is  treated  at  all)  is  that  sur¬ 
face  charges  on  the  sample  will  produce  a  compensating 
field.  Only  differences  in  spontaneous  polarization  e.g. 
differences  induced  by  temperature  (pyroelectric  effect) 
or  strain  (piezoelectric  effect)  can  be  measured.  How¬ 
ever,  one  can  also  measure  a  difference  in  spontaneous 
polarization  between  two  materials.  The  reason  is  that 
what  one  essentially  measures  is  a  AP  which  according  to 
Gauss’s  law  of  electrostatics  corresponds  to  a  induced  po¬ 
larization  charge  at  the  interface.  Bernardini  and  Fioren- 
tini  [23]  showed  indeed  that  for  an  abrupt  heterojunction 
between  GaN  and  AIN,  the  field  in  the  quantum  well 
can  be  written  to  a  very  good  approximation  in  terms  of 
the  difference  in  bulk  spontaneous  polarizations  obtained 
from  the  Berry  phase  calculations  for  each  bulk  materi¬ 
al  [22].  In  other  words,  the  size  effects  of  the  quantum 
well  play  a  minor  role  and  the  additional  effect  of  pos¬ 
sible  transfer  of  charge  from  one  interface  to  the  other 
appears  to  be  negligible.  This  is  not  obvious  a  prior  but 
borne  out  by  their  calculations. 

One  possibility  for  explaining  the  above-mentioned  ef¬ 
fects  in  nitride  devices  is  spontaneous  polarization  dif¬ 
ferences.  In  fact,  the  calculated  values  by  Bernardini 
and  Fiorentini  indicate  that  these  could  be  dominant 
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over  or  at  least  comparable  to  piezo-effects.  The  dif¬ 
ference  between  AIN  and  GaN  P0  is  about  0.05  C/m2, 
(about  3.3xl013  carriers  cm”2)  so  for  Al.15Ga.g5N/GaN 
one  might  expect  a  value  of  0.0075  C/m2  (about  5xl012 
carriers  cm”2).  On  the  other  hand,  for  a  typical  strain 
level  of  0.1  %  the  piezoelectrically  induced  polarization 
is  only  0.0015  C/m2  (about  lxlO12  carriers  cm”2). 

The  alternative  point  of  view,  followed  so  far  by  most 
experimental  groups,  is  to  ignore  the  spontaneous  polar¬ 
ization  and  to  explain  the  fields  as  resulting  from  piezo¬ 
electric  fields.  The  latter  would  in  their  turn  result  from 
the  strain  due  to  the  lattice  mismatch  or  from  thermal 
expansion  coefficient  mismatch  between  the  layers  in  a 
heterostructure.  In  fact,  in  most  cases,  the  biaxial  strain 
present  in  the  layers,  in  conjunction  with  the  elastic  con¬ 
stants  and  the  piezoelectric  coefficient  relating  the  in¬ 
duced  field  to  stress,  were  shown  to  lead  to  effects  of  the 
magnitude  observed.  Thus,  there  seemed  no  need  to  in¬ 
voke  any  spontaneous  polarization  effects,  which  to  some 
people  appear  still  to  be  somewhat  exotic  effects.  Howev¬ 
er,  one  should  recognize  that  independent  measurements 
of  the  actual  strain  present  in  the  film  are  difficult  and 
carry  a  rather  large  uncertainty. 

The  observed  increases  in  charge  density  at  the  in¬ 
terface  indicate  that  the  field  points  away  from  the  Al- 
GaN/GaN  interface  towards  the  free  surface  or  the  con¬ 
tact  with  the  metal,  the  polarization  pointing  the  oppo¬ 
site  way.  The  spontaneous  polarization  P 0  calculated 
by  Bernardini  and  Fiorentini  is  larger  in  AIN  than  in 
GaN  in  magnitude  and  points  from  the  N  to  the  cation 
in  the  bonds  oriented  along  the  c-axis.  This  is  consis¬ 
tent  with  the  direction  of  the  field  if  we  assume  the  Al- 
GaN  layer  has  a  polarity  such  that  the  nitrogen  atoms 
in  the  N-cation  bonds  oriented  along  c  are  closer  to  the 
free  surface.  This  should  be  distinguished  from  the  sur¬ 
face  termination  which  depends  on  whether  we  end  the 
system  in  a  surface  with  a  single  dangling  bond  or  with 
three  dangling  bonds  (if  unreconstructed)  and  which  can 
further  be  modified  by  additional  layers  of  either  atom 
on  the  surface  depending  on  the  surface  chemical  poten¬ 
tial.  If,  for  the  moment  and  for  simplicity,  we  assume 
the  system  to  end  in  a  surface  exposing  a  single  dan¬ 
gling  bond,  it  means  a  cation  face  polarity  is  consistent 
with  the  observed  direction  of  the  fields  (which  indicate 
electron  accumulation  at  the  AlGaN/GaN)  interface  and 
with  the  calculated  direction  of  P q.  Experimental  nitride 
films  are  typically  found  to  have  a  domain  structure  with 
slight  misalignments  between  the  grains  so  as  to  relieve 
interface  mismatch  strain.  If  these  domains  would  also 
have  opposite  polarity  (which  could  for  example  result 
from  inversion  domain  boundaries),  then  obviously,  on 
average  all  the  spontaneous  polarization  effect  would  be 
wiped  out.  That  may  well  be  the  case  in  poor  quality 
samples.  But,  even  in  high  quality  samples,  one  might 
expect  there  to  be  a  certain  degree  of  inter  diffusion  at  the 
interfaces,  at  least  at  the  level  of  one  or  two  atomic  layers. 
In  fact,  this  type  of  interdiffusion  or  interface  roughness 
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is  very  difficult  to  detect  even  by  HREM  unless  special 
techniques  are  used  to  filter  out  such  information  [24]. 
The' presently  unanswered  question  is  how  much  this  in¬ 
terdiffusion  will  affect  the  polarization  difference  induced 
polarization  charge  build-up  at  the  interface.  This  ques¬ 
tion  is  the  central  question,  which  we  will  try  to  answer 
by  first  principles  computational  studies. 

A  factor,  which  complicates  the  analysis  of  the  exper¬ 
imental  data,  is  that  the  strength  of  the  electric  fields  is 
also  strongly  influenced  by  the  free  carrier  concentration 
present  in  the  layers,  contacts  and  any  surface  charge. 
Let  us  consider  the  following  thought  experiment.  We 
bring  the  AlGaN  layer  in  contact  with  the  GaN  layer, 
properly  polarized  but  keep  the  charge  carriers  from  flow¬ 
ing  and  finding  their  equilibrium  distribution.  In  that 
case  a  polarization  charge  density  would  result  from  the 
difference  in  P0  between  AlGaN  and  GaN.  This  would 
lead  to  a  very  strong  field  leading  to  potential  differences 
of  order  0.1  V/nm  even  for  a  15  %  AlGaN  layer.  Clearly, 
this  is  unsustainable  and  would  lead  to  charge  flow  to¬ 
wards  the  interface  from  whatever  source  of  free  carriers 
is  available  (the  metal/ AlGaN  contact  on  top,  for  exam¬ 
ple,  or  carriers  resulting  from  doping  in  the  AlGaN  layer). 
This  will  produce  a  field  of  opposite  sign  until  the  actu¬ 
al  net  field  is  screened  and  some  equilibrium  is  found. 
In  other  words,  the  actual  field  and  the  actual  charge 
accumulating  at  the  interface  results  from  a  complicat¬ 
ed  self-consistent  screening  taking  place  over  the  length 
scale  of  the  device,  not  only  the  atomistic  scale  of  the 
interface.  This  means  that  self-consistent  device  simula¬ 
tions  of  the  charge  distribution  are  required  which  take 
into  account  the  fields  resulting  from  the  atomistic  polar¬ 
ization  difference  as  input  but  also  take  into  account  the 
relations  imposed  between  charge  and  potential  by  Pois¬ 
son’s  equation  and  the  overall  charge  density  resulting 
from  solving  some  approximate  form  of  the  Schrodinger 
equation.  In  other  words  an  “interface”  must  be  devel¬ 
oped  between  the  macroscopic  or  mesoscopic  level  device 
simulations  and  the  atomistic  ab-initio  theory  of  the  po¬ 
larization  and  interface  electronic  structure.  So  far,  sim¬ 
ulations  have  typically  used  plausible  values  of  the  field 
consistent  with  the  data.  Therefore  it  is  very  difficult  to 
judge  whether  the  original  effect  arises  from  piezoelectric¬ 
ity  or  from  the  spontaneous  polarization,  the  final  fields 
being  at  least  an  order  of  magnitude  smaller  than  the 
original  fields  because  of  the  screening  by  carriers.  In 
fact,  this  also  means  that  when  one  considers  a  device  in 
operation,  in  which  the  carrier  concentration  varies  ap¬ 
preciably,  this  will  dynamically  change  the  whole  effect. 
Typically,  for  example,  under  laser  injection  conditions, 
one  expects  these  effects  to  be  totally  wiped  out. 

III.  PIEZO  AND  PYROELECTRIC 
EFFECTS 

The  point  must  be  clearly  made  that  in  ideal  wide- 
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bandgap  nitride  semiconductors,  the  free  carrier  concen¬ 
trations  are  minuscule  and  the  polarization  charge  is  a 
bound  charge.  The  polarization  charge  can  not  produce 
a  dc  current  through  the  external  circuit,  only  a  displace¬ 
ment  current  which  is  an  ac  effect.  The  polarization  field, 
however,  would  redistribute  the  free  and  weakly  bound 
charge  (field  aided  ionization)  along  with  band  disconti¬ 
nuities.  In  positive  strain,  tensile  strain,  the  direction  of 
the  piezolectric  polarization  is  from  the  anion,  B  face,  to 
the  cation,  A  face,  sites  meaning  the  electric  field  would 
be  from  the  A  (cation)  face  to  the  B  (anion)  face.  As 
can  be  easily  imagined,  if  the  growing  nitride  contains 
both  polarities,  the  direction  of  the  polarization  vector 
would  follow  suit.  The  polarity  of  the  growing  surface  is 
somewhat  controversial  at  the  time  of  writing  that  is  in 
part  fueled  by  the  lack  of  commercial  GaN  substrates.  It 
appears  that  low  quality  films  may  contain  both  polari¬ 
ties.  Borrowing  from  the  II-VI  widebandgap  semiconduc¬ 
tor  field  that  the  anion  surface  is  more  conducive  to  high 
quality  layer  growth  with  uniform  polarity,  one  could  pre¬ 
dict  that  high  quality  GaN  films  can  be  grown  on  the  N 
face  of  GaN  (0001)  in  which  case  the  strain  polarization 
vector  would  be  toward  the  surface  under  compressive 
strain.  If  the  strain  is  tensile,  then  the  polarization  vec¬ 
tor  would  be  from  the  surface  toward  the  substrate  with 
piezoelectric  field  being,  towards  the  surface. 

Anisotropy  in  widebandgap  semiconductors  is  expect¬ 
ed  to  cause  thermal  stimulus  and  thermal  gradients.  The 
latter  is  quite  likely  in  devices  where  the  junction  tem¬ 
peratures  are  high  against  a  relatively  cool  bulk.  In  such 
a  case,  the  thermally  induced  electric  field,  pyroelectric 
effect,  would  be  present  with  effects  similar  to  those  de¬ 
scribed  above  [25].  This  phenomenon  has  not  been  stud¬ 
ied  in  detail  in  nitride  semiconductors.  Contrary  to  this 
lack  of  attention,  the  electric  field  generated  by  thermal 
gradients,  occurs  readily  in  power  devices,  is  comparable 
to  the  fields  caused  by  applied  voltages  in  nitride  based 
FET  like  devices. 

The  large  Stark  shifts  in  quantum  wells  lead  to  reduced 
effective  bandgaps.  This  in  turn  exacerbates  efforts  to  de¬ 
termine  the  mole  fraction-bandgap  relationship,  particu¬ 
larly  in  InGaN  quantum  wells.  This  is  in  part  due  to  the 
fact  that  preparation  of  high  quality  bulk  InGaN  is  com¬ 
plicated  because  of  phase  segregation  and  re-evaporation 
of  In  from  the  growing  surface.  Consequently,  high  qual¬ 
ity  films  are  limited  to  thin  films  straddled  by  low  mole 
fraction  InGaN,  GaN  or  AlGaN.  Even  the  bulk  layers, 
being  not  completely  relaxed  on  non-native  substrates, 
pave  the  way  to  the  piezoelectric  effect.  The  related  field, 
unless  accounted  for,  causes  errors  in  the  determination 
of  mole  fractions  of  the  barrier  and  well  layers  in  quan¬ 
tum  wells,  and  of  band  discontinuities.  In  fact,  the  field 
induced  by  the  piezoelectric  effect  could  in  many  cases 
be  larger  than  the  effect  of  engineered  charge  separation. 
Such  may  be  the  case  in  modulation  doped  structures 
where  the  piezoelectric  polarization  induced  charge  could 
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be  as  large  if  not  larger  than  those  caused  by  the  in¬ 
tentionally  added  donors.  We  must,  however,  remember 
that  the  strain-induced  field  by  itself  does  not  lead  to 
free  carriers  unless  there  exist  shallow  impurity  and  de¬ 
fect  centers,  and  surface  charge.  Unless  the  strain  present 
in  the  films  is  coherent  and/or  the  inhomogeneities  can 
be  modeled,  an  accurate  description  will  not  be  possible. 

As  mentioned  previously,  nitride  films  do  not  neces¬ 
sarily  grow  with  single  polarity.  In  some  domains  the 
films  have  Ga  domain,  meaning  the  bonds  in  [0001]  di¬ 
rections  are  Ga-N  bonds  and  in  some  others  they  are  N- 
Ga  bonds  [26,27].  In  such  as  case,  strained  GaN  would 
exhibit  polarization  vectors  in  opposing  directions  each 
time  the  polarity  is  reversed.  This  means  that  polarity 
of  charge  would  also  have  change  sign.  This  also  means 
that  carriers  would  be  subjected  to  alternating  fields  as 
they  traverse  in  the  basal  plane,  the  net  result  of  which 
would  be  a  reduction  of  carrier  mobility  and  velocity. 

While  physics  appears  to  be  converging,  reports  on 
FETs  appear  to  suggest  that  free  carriers  can  be  pro¬ 
vided  by  polarization  and  that  the  experimental  results 
agree  with  theory  [28,29].  Results  obtained  in  our  lab¬ 
oratory,  in  conjunction  with  band  discontinuities,  with 
respect  to  polarization  effects  point  to  the  importance 
of  spontaneous  polarization  ordering  of  the  barrier  layer 
with  respect  to  the  smaller  bandgap  material,  and  po¬ 
larization  in  general  [30-32].  Physics  indicates  that  the 
polarization  charge  can  be  due  to  weakly  bound  and  free 
carriers  present  in  a  system.  This  is  due  to  the  fact  that 
polarization  can  occur  in  perfect  insulators,  as  well  with 
negligible  free  carriers.  The  complicating  factor  is  the 
lack  of  control  on  the  polarity  of  the  film,  Ga  or  N  polari¬ 
ty  discussed  above,  and  lack  of  uniform  polarity,  meaning 
presence  of  inversion  domains.  We  have  developed  some 
means  that  are  preliminary  at  this  stage  of  producing 
single  polarity  films  that  need  the  furthered  significant¬ 
ly  [26].  In  the  proposed  research,  we  aim  to  grow  layers 
with  known  and  uniform  polarity  with  unique  deposition 
tool  at  our  disposal. 

As  a  result  of  polarization,  the  static  potential  at  the 
GaN  /AIN  interface  is  different  from  that  at  the  AlN/GaN 
interface  giving  rise  to  interface  charge  comparable  to 
charge  densities  used  in  devices  and  asymmetry  in  quan¬ 
tum  wells  which  are  compositionally  square  as  shown  in 
Fig.  1.  Keep  in  mind  that  spontaneous  polarization  does 
not  require  any  strain  and  effects  the  barrier  discontinu¬ 
ity,  again  underscoring  the  need  for  a  clear  and  an  in- 
depth  investigation  of  the  problem.  A  substantial  level 
of  research  that  led  to  first  experimental  figures  for  band 
discontinuities  have  already  been  performed  by  our  team, 
but  the  field  is  in  desperate  need  of  more  in  depth  inves¬ 
tigations  in  improved  structures.  The  asymmetry  in  Al¬ 
N/GaN  and  GaN/AIN  interfaces  caused  by  spontaneous 
polarization  [2]3  was  within  the  experimental  errors  of 
Martin  et  al  [30-32].  The  errors  had  their  genesis  in 
measurement  techniques  as  well  as  the  inhomogeneities, 
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Fig.  1.  Total  charge  density  and  Electrostatic  Potential  in 
a  GaN/AIN  SL,  by  Bernardini  and  V.  Fiorentini  23. 


Fig.  2.  Schematic  representation  of  an  inversion  domain 
boundary  formed  in  growth  along  the  [0001]  direction. 


namely  strain,  in  these  heterostructures.  However,  that 
in  AlN/InN  and  InN/AIN  interfaces  was  too  large  to  be 
obscured  by  experimental  and  sample  related  uncertain¬ 
ties  as  shown  in  table  below. 


For  GaN/AIN 

GaN/AIN  AlN/GaN  Substrate 
Martin  ei  al  (1994)  0.8±0.3  0.8±0.3  SiC,  A1203 

Martin  et  al  (1996)  0.60*0.24  0.57*0.22  SiC,  A1203 
Bernardini  and  Fiorentini(1998,  ref.  23): 
Relaxed/Theory  0.85  0.20 

Strained/Theory  1.0  0.29  Coherent 


For  GaN/InN  and  AlN/InN 

InN/GaN  =  0.93*0.25  eV  InN/AIN  =  1.71*0.20  eV 
GaN/InN  =  0.59*0.24  eV  AlN/InN  =  1.32*0.14  eV 
(values  in  eV) 


Fig.  2  shows  a  schematic  representation  of  an  inver¬ 
sion  domain  boundary  formed  in  growth  along  the  [0001] 
direction.  On  the  left  of  the  boundary,  the  growth  ini¬ 
tiates  with  N,  and  on  the  right,  it  begins  with  Ga.  On 
the  left  side  the  nature  of  the  bond  along  the  [0001]  di¬ 
rection  is  from  Ga  to  N.  Therefore,  this  polarity  is  called 
the  Ga  polarity.  On  the  other  hand,  the  [0001]  bond  is 
from  N  to  Ga  that  means  that  the  polarity  is  N  polarity. 
In  nitrogen  polarity  and  under  tensile  strain  the  PE  field 
generated  points  away  from  the  surface  where  that  for 
the  Ga  polarity  region  points  towards  the  surface.  When 
the  sign  of  the  strain  is  changed  to  compressive,  then  the 
direction  of  the  field  changes  also.  Currently,  a  great  deal 
of  controversy  exists  to  which  polarity,  whether  cation  on 
top  or  anion  on  top,  the  GaN  films  prefer  to  grow  and 
whether  this  polarity  is  uniform  across  the  film. 

There  are  reports  by  convergent  beam  electron  diffrac¬ 
tion  techniques  [33]  that  indicate  that  some  MBE  grown 
films  may  be  of,  inversion  mixed  polarity  domains  [34] 
on  sapphire  substrates.  In  addition  there  are  also  re¬ 


ports  that  the  MBE  films  grown  on  [0001]  SiC(Si  face) 
allows  single  N  bonds  to  form  at  the  interface  with  SiC 
that  cause  the  polarity  of  the  film  to  be  of  Ga  [35].  If 
so,  it  is  consistent  with  all  the  preferred  growth  polarity 
in  many  of  the  compound  semiconductors  including  all 
the  III-Vs  and  II- Vis.  However,  even  on  SiC  and  with 
all  the  precautions,  the  inversion  domains  may  not  be 
eliminated  altogether  [36].  Having  said  so,  it  should  be 
reiterated  that  proper  cleaning  of  SiC  to  remove  damage 
and  troughs  caused  by  polishing  would  go  a  long  way 
to  reduce  the  inversion  domains.  We  should  mention 
for  comparison  that  good  MOCVD  grown  films  gener¬ 
ally  have  the  cation  up  (Ga  polarity)  configuration  with 
some  cases  of  mixed  polarity. 

Inversion  domains  combined  with  any  strain  in  nitride 
based  films  lead  to  flipping  PE  fields  with  untold  adverse 
effect  our  ability  to  characterize  the  films  let  alone  using 
them  for  devices.  Such  flipping  field  would  also  cause 
much  increased  scattering  of  carrier  as  they  traverse  in 
the  c-plane.  Fig.  3(a)  depicts  a  case  of  compressively 
strained  GaN  where  the  polarity  uniformity  is  not  main¬ 
tained.  Simply  put,  identical  device  structures  with  dif¬ 
ferent  polarity  layers  would  have  widely  differing  perfor¬ 
mance  underscoring  the  importance  that  these  issues  will 
have  to  be  investigated  and  reconciled. 

That  shown  in  Fig.  3(b)  depicts  the  case  where  an  Al- 
GaN/GaN  modulation  doped  structure  is  considered.  It 
is  assumed  that  the  GaN  layer  is  the  buffer  layer  also  and 
is  completely  relaxed  which  is  not  the  case  in  experimen¬ 
tal  layers  that  are  grown  on  SiC  and  sapphire  as  these 
substrates  cause  residual  tensile  and  compressive  strain, 
respectively.  The  polarity  mixing  from  one  domain  to  the 
other  which  are  reported  to  about  100  A  in  size  causes 
the  PE  induced  electric  field  to  flip,  causing  a  variation 
in  the  sheet  carrier  concentration  along  the  channel.  It 
is  also  clear  that  the  carrier,  as  they  traverse  in  the  sub¬ 
strate  plane,  will  be  scattered  along  the  PE  field  with  a 
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Fig.  3.  (a)  compressive  residual  strain:  mixed  cation/anion 
order;  (b)  AlGaN/GaN  heterostructure  such  as  that  in  a  nor¬ 
mal  modulation  doped  structures.  It  is  assumed  that  the  GaN 
buffer  layer  is  relaxed  and  AlGaN  layer  is  under  tensile  strain. 
The  nature  of  the  growth  is  such  that  a  mixed  cation/anion 
order  is  present. 


net  reduction  in  the  carrier  mobility  in  the  plane  of  the 
layer. 

The  defective  nature  of  the  present  day  GaN  is  such 
it  tends  to  relax  the  entire  heterostructure  at  the  growth 
temperature,  leaving  the  films  under  compressive  strain 
due  to  thermal  mismatch  between  sapphire  and  the 
layers.  The  same  applies  to  SiC  substrates  with  gen¬ 
erally  tensile  strain  resulting.  The  observation  that  the 
epitaxial  layers  show  the  exciton  energies  within  a  range 
is  indicative  that  each  film  may  be  under  different  strain 
as  determined  how  partially  the  films  are  relaxed  at 
growth  temperature.  The  Hall  measurements  in  mod¬ 
ulation  doped  structures  point  to  a  picture  which  is  very 
complex  and  needs  further  investigation  which  will  re¬ 
quire  films  with  uniform  polarity  and  strain.  In  any  case, 
doped  modulation  structures  exhibited  higher  sheet  car¬ 
rier  concentrations,  better  transconductances,  and  larger 
currents  when  fabricated  into  MODFETs  than  the  un¬ 
doped  layers. 

However,  time  resolved  photoluminescence  measure¬ 
ments  performed  in  GaN/AlGaN  MQWs  [14]  indicated 
that  temporal  evolution  of  the  PL  A  exciton  peak  under¬ 
goes  a  red  shift  as  the  recombination  depletes  the  excess 
carriers  as  shown  in  Fig.  4.  The  results  are  consistent 
with  residual  field  in  the  GaN  quantum-well  whi&h  are 


Fig.  4.  Time  resolved  PL  signal  from  a  40  A  well  Al¬ 
GaN/GaN  MQW  structure  grown  by  MBE. 


under  compressive  strain  due  to  thermal  mismatch  with 
the  substrates.  While  the  intensity  of  the  field  can  be 
estimated  from  the  shift,  assuming  one  knows  the  piezo¬ 
electric  constant  and  the  elastic  stiffness  coefficient  as 
well  as  the  dielectric  constant  of  GaN,  its  direction  can 
not  be  determined  by  this  technique. 

Fig.  5  shows  the  effect  of  the  field  where  (a)  depicts 
the  case  e.g.  shortly  after  the  excitation  pulse  with  large 
numbers  of  excess  carriers.  The  case  (b)  depicts  the  evo¬ 
lution  of  the  band  structure  some  time  later  as  the  excess 
carriers  are  allowed  to  recombine.  The  screening  effect 
is  reduced  and  full  force  of  the  PE  field  is  felt  leading 
to  a  temporal  red  shift  of  the  A  exciton  energy.  In  ad¬ 
dition,  the  spatial  separation  of  the  electron  and  hole 
wavefunctions  is  increased  leading  to  a  reduced  recom¬ 
bination  rate.  The  picture  may  be  more  complex  and 
or  suffer  from  variation  in  samples  as  blue  shift  too  has 
been  observed  which  may  have  to  do  with  interwell  exci- 
tons  and  oblique  excitons  [37].  Though  controversial,  in 
lasers  the  injected  carrier  concentrations  even  at  trans¬ 
parency  are  comparable  to  polarization  induced  charge, 
1013  cm-2,  which  means  the  PE  induced  field  is  screened. 
However,  the  PE  effect  reduces  the  gain  at  lower  injection 
levels  due,  among  others,  to  reduced  oscillator  strength. 

Using  optical  transitions  in  GaN/ AlGaN,  we  revisit¬ 
ed  the  physical  origin  of  the  built-in  field  and  its  effect 
on  quantum  wells.  We  believe  that  we  can  demonstrate 
that  the  built-in  field  originates  primarily  from  the  spon¬ 
taneous  polarization  charge  formed  at  the  GaN /AlGaN 
interfaces,  with  a  minor  contribution  from  the  piezoelec¬ 
tric  field  induced  by  the  strain  (either  lattice  mismatch 
and  thermal  strain).  Such  a  built-in  electric  field  caus¬ 
es:  (i)  a  band  bending  and  a  red-shift  of  the  gap,  which 
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Fig.  5.  The  effect  of  the  field  where  (a)  depicts  the  case, 
e.g .,  shortly  after  the  excitation  pulse  with  large  numbers  of 
excess  carriers.  The  case  (b)  depicts  the  evolution  of  the  band 
structure  some  time  later  as  the  excess  carriers  are  allowed  to 
recombine. 

largely  overcome  the  blue-shift  expected  from  the  quan¬ 
tum  size  effect,  and,  (ii)  a  progressive  separation  of  the 
electron  and  hole  wavefunctions  with  increasing  the  well 
width,  resulting  in  the  decrease  of  the  emission  strength 
and  in  the  increase  of  the  decay  times.  The  experiments 
reveal  that  the  fundamental  transition  of  the  quantum 
wells  occurs  at  an  energy  well  below  the  bulk  GaN  gap 
for  well  width  larger  than  3  nm  (for  the  specific  case  of 
GaN/Alo.i5Gao.85N).  A  total  built  in  field  of  the  order 
of  MV/cm  is  found  and  used  to  explain  qualitatively  the 
optical  data.  Moreover,  a  quantitative  description  of  the 
red-shift  and  oscillator  strength  is  obtained  by  means  of  a 
self-consistent  tight-binding  (TB)  model  which  specifical¬ 
ly  accounts  for  the  total  built-in  field  and  for  the  screen¬ 
ing,  either  dielectric  or  induced  by  the  photogenerated 
carriers.  The  impact  of  the  built-in  field  on  the  actu¬ 
al  electrostatic  stability  of  the  exciton  quasi-particle  in 
GaN  quantum  wells  is  also  addressed  at  the  end  of  the 
manuscript. 

One  and  two-photon  absorption  photoluminescence 
spectroscopy  methods  have  been  applied  to  investigate 
GaN/Alo.isGao.ssN  quantum  wells  of  increasing  thick¬ 
ness.  The  samples  were  grown  by  reactive  molecular 
beam  epitaxy  on  sapphire  substrates.  Following  a  chem¬ 
ical  and  in  situ  cleaning  of  c-plane  sapphire  substrates, 
a  thin  AIN  buffer  layer  was  grown  at  850  °C  with  am¬ 
monia  as  the  active  nitrogen  source.  This  was  followed 
by  the  growth  of  a  1  ji m  thick  GaN  buffer  layer  grown 
at  800  °C.  Finally,  the  quantum  well  region  was  grown. 
Each  sample  consisted  of  10  GaN  quantum.  Five  samples 
of  well  width  Lw—2  nm,  3  nm,  4  nm  5  nm,  9  nm,  were 
grown  and  analyzed.  The  barrier  width  and  composition 
were  kept  constant  in  all  samples  (Alo.15Gao.85N  barriers 
of  thickness  Lb— 10  nm). 


Linear  luminescence  was  excited  either  by  the  325  nm 
line  of  a  cw  He-Cd  laser  (10  mW  power)  or  by  the  337.1 
nm  line  of  a  pulsed  N2  laser  (300  kW  peak  power),  in  or¬ 
der  to  get  rid  of  extrinsic  emission  bands  and  to  study  the 
density  dependent  screening  of  the  built-in  field  generat¬ 
ed  by  the  photogenerated  carriers.  Two-photon  absorp¬ 
tion  induced  luminescence  was  also  measured  in  order  to 
make  sure  that  the  observed  blue-shift  was  not  due  to 
band-filling  of  hot  electron-hole  pairs,  and  to  avoid  once 
again  the  undesired  occurrence  of  localized-states  and  im¬ 
purities  emission  in  the  spectra.  In  these  experiments  the 
half-gap  excitation  provided  by  the  tunable  output  of  a 
pulsed  parametric  oscillator,  was  tuned  at  the  fundamen¬ 
tal  n=  1  electron-heavy-hole  resonance  (2ft  =  E\e\h)  of 
the  quantum  well.  Time  resolved  luminescence  was  also 
measured  by  using  the  third  harmonic  of  a  ps  Ti:Sapphire 
laser  and  a  streak-camera.  All  measurements  were  per¬ 
formed  at  10  K. 

In  Fig.  6  we  display  a  few  representative  PL  spec¬ 
tra  recorded  at  10  K  under  one-  and  two-photon  absorp¬ 
tion  excitation  and  for  different  power  densities.  First  of 
all  we  note  that  the  quantum  well  emission  is  dominant 
and  no  barrier  luminescence  or  impurity  related  emission 
is  observed  under  pulsed  excitation.  The  emission  en¬ 
ergy  decreases  with  increasing  well  width,  as  expected 


Energy  (eV) 

Fig.  6.  One  and  Two-photon  spectra  in  GaN /AlGaN  multi¬ 
ple  quantum  wells  and  their  evolution  with  injection  intensity. 
Two  points  to  be  garnered.  The  substantial  overall  redshift 
with  respect  to  even  bulk  GaN  and  some  blue  shift  with  in¬ 
jection  intensity. 
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from  the  quantum  size  effect.  However,  we  note  that  for 
large  well  widths  the  E\e\h  transition  falls  below  the  bulk 
GaN  gap  (3.51  eV  @  10  K).  In  order  to  eliminate  possi¬ 
ble  extrinsic  recombination  processes,  we  have  performed 
two-photon  absorption  experiments  with  approximately 
half-gap  excitation  (2 hu  «  E\e\h )«  Both  the  linear  and 
non-linear  spectra  exhibit  the  same  energy  positions  and 
linewidths  for  the  quantum  well  structures  under  inves¬ 
tigation,  indicating  that  carrier  heating  or  any  possible 
extrinsic  effects  do  not  influence  the  luminescence  spectra 
of  these  samples.  Furthermore,  we  note  that  all  samples 
exhibit  a  substantial  blue-shift  with  increasing  photogen¬ 
eration  rate,  under  both  one-  and  two-photon  absorption 
excitation.  This  suggests  a  screening  induced  blue  shift 
caused  by  the  partial  compensation  of  the  Stark  effect  by 
the  photogenerated  carriers.  It  is  important  to  mention 
that  the  emission  spectra  do  not  show  any  significant  in¬ 
tensity  dependence  under  low-power  cw  excitation,  sug¬ 
gesting  that  at  low  photogeneration  rates  the  screening 
of  the  built-in  field  is  negligible  and  of  no  consequence. 

In  Fig.  7,  we  display  the  progressive  reduction  of  the 
emission  efficiency  and  the  increase  of  the  decay  times 
occurring  with  increasing  well  width.  In  an  effort  to 
shed  light  on  the  polarization  issue,  the  total  polariza¬ 
tion  charge  can  be  written  as  Ptot=Ppiezo+Pspont>  where 
Ppiezo  is  the  piezoelectric  charge  caused  by  the  lattice 
mismatch  ( Im )  strain  and  by  the  thermal  strain  ( ts ) 
[Ppiezo=Pim+Pts\,  whereas  Psp0nt  represents  from  the 
spontaneous  polarizability  of  the  GaN/AlGaN  interface, 
as  clearly  demonstrated  by  the  recent  works  of  Bernardi- 
ni  et  al.  [22,23].  For  an  alternating  sequence  of  wells  (iu) 
and  barriers  ( b )  the  total  electric  field  in  the  well  can  be 
calculated  as  [23] 

Fw  —  — 47r  Lb(P^t  —  Ptot)/(Lw€b  +  Lb  €w )  (1) 


Fig.  7.  Transition  energies  in  GaN/AlGaN  quantum  wells 
vs.  the  well  thickness  indicating  the  substantial  red  shift  due 
to  polarization  effects. 


e  being  the  dielectric  constant  of  the  layer.  The  piezo¬ 
electric  charge  induced  by  the  in-plane  lattice  mismatch 
(c//)  can  be  calculated  as  P/m  =  2  (e33%^  —  €31)  e// 
where  e^-  and  Cij  are  the  piezoelectric  tensor  compo¬ 
nents  and  the  elastic  constants,  respectively.  Since,  the 
layers  are  grown  on  thick  GaN  buffer  layers,  we  expect 
that  the  GaN  quantum  well  is  relaxed  and  takes  the 
bulk  GaN  lattice  constant  of  the  buffer  (3.189  A).  More¬ 
over,  since  the  Alo.15Gao.85N  layers  are  thin  and  grow 
pseudomorphically  for  thicknesses  in  the  range  of  few 
nm  [38].  The  Alo.15Gao.s5N  barriers  undergo  a  tensile 
in-plane  strain  <tj |  =0.37  %.  This  results  in  a  piezoelec¬ 
tric  polarization  charge  ^=0  in  the  quantum  well  and 
Pl=  3.2x1012  cm"2  in  the  Alo.15Gao.s5N  barrier.  On 
the  other  hand,  the  thermal  strain  in  our  experimental 
conditions  amounts  to  some  0.003  %,  resulting  in  an  ad¬ 
ditional  polarization  charge  of  the  order  of  P™s=  2xlOn 
cm"2.  As  far  as  the  spontaneous  polarization  charge  is 
concerned,  we  take  the  recent  data  of  Ref.  22,  23  leading 
to  P™=-1.8xl013  cm-2  and  P,6p=- 2.3xl013  cm"2,  the 
latter  value  being  obtained  by  linear  interpolation  of  the 
GaN  and  AIN  values  (Psp=—5x  1013  cm"2  in  AIN).  By 
using  these  data  and  eq.  (1)  we  can  calculate  the  built- 
in  field  in  the  different  samples,  which  turns  out  to  vary 
in  the  range  1~3  MV/cm  depending  on  the  actual  well 
width. 

At  first  order,  neglecting  high-field  effects  and  correc¬ 
tions  for  self-consistency,  we  might  expect  that  the  built- 
in  field  causes  a  red-shift  of  the  quantum  well  gap  given 
by  the  quadratic  Stark  effect  [39,40] 


AE  — 


-D 


(2) 


where  the  constant  D«0.0022. 

In  Fig.  7,  we  compare  the  measured  ground  level  tran¬ 
sition  energies  with  those  calculated  in  the  square  well 
approximation  with  the  inclusion  of  the  Stark  shift  (Eq. 
(2))  caused  by  the  calculated  built-in  field  F  (dotted 
curve).  Clearly  the  inclusion  of  the  spontaneous  polariza¬ 
tion  in  the  built-in  field  is  crucial  to  reproduce  the  overall 
well- width  dependence  of  the  Eieih  transition  and  its  red- 
shift  below  the  bulk  energy  gap  for  well  width  Lw>3  nm. 
The  agreement  between  theoretical  and  experimental  da¬ 
ta  is  very  reasonable,  especially  if  we  take  into  account 
that  the  nominal  growth  parameters  were  used  in  the 
calculations,  without  any  fitting  parameter.  Nonethe¬ 
less,  we  note  that  the  simple  model  potential  adopted 
here  is  quantitatively  not  very  accurate,  in  that  (i)  large 
deviations  from  the  experimental  trend  are  observed  for 
wide  wells,  and  (ii)  it  does  not  account  for  the  intensity 
dependent  blue-shift  of  the  optical  transitions. 

The  agreement  between  the  calculated  and  measured 
data  can  in  fact  be  substantially  improved  by  the  use  of  a 
self-consistent  tight-binding  (TB)  model  [41].  The  tight- 
binding  model  is  used  to  describe  the  electronic  structure 
in  the  entire  Brillouin  zone,  up  to  several  eV  above  the 
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fundamental  gap,  thus  overcoming  the  well-known  limita¬ 
tions  of  the  envelope  function  approach.  For  the  specific 
case  of  nitrides,  the  parameters  of  our  empirical  TB  mod¬ 
el  were  determined  by  fitting  the  band-structure  of  Ref. 
42.  For  the  self-consistent  calculations  the  electron  and 
hole  quasi-Fermi  levels  are  calculated  for  a  given  photo- 
injected  charge  density.  The  resulting  electron  and  hole 
distribution  functions  (n  and  p,  respectively)  are  used  to 
solve  the  Poisson  equation 

iD=i{-‘iv+p“)=e(p-n)  (3) 

where  D  and  V  are  the  displacement  field  and  the  po¬ 
tential,  and  Ptot  is  the  total  polarization  charge  discussed 
above.  The  Poisson  equation  is  solved  assuming  zero  field 
at  the  boundaries.  The  obtained  potential  is  thus  insert¬ 
ed  into  the  TB  Schroedinger  equation  which  is  solved 
to  get  the  energies  and  wavefunctions.  The  new  quasi- 
Fermi  levels  are  thus  recalculated  and  the  procedure  is 
iterated  until  self-consistency  is  achieved.  The  results 
of  the  self-consistent  calculations  are  shown  by  the  solid 
curves  in  Fig.  7.  The  agreement  with  the  experimental 
data  is  very  good  both  in  terms  of  the  trend  and  abso¬ 
lute  values.  The  effect  of  screening  is  clearly  observed 
in  the  progressive  blue-shift  of  the  eigenstates  occurring 
with  increasing  injected  carrier  density.  For  the  present 
experimental  conditions,  we  expect  that  the  photogener¬ 
ated  carrier  density  is  around  lxlO12  cm-2. 

IV.  CONCLUSIONS 

Evidence  has  been  provided  to  show  that  polarization 
effects  are  important  phenomena  in  wurtzite  semincon- 
ductors  and  heterojunctions.  Spontaneous  polarization 
which  is  caused  by  ionic  bonding  coupled  with  wurtzitic 
symmetry  occurs  at  heterointerface  and  does  not  require 
strain.  Piezoelectric  polarization  requires  strain  and  is 
important  in  nitride  semiconductors  because  of  large 
piezoelectric  coefficients  as  compared  to  other  semicon¬ 
ductors.  With  data  from  quantum  wells,  we  have  shown 
that  the  optical  properties  of  GaN/AlGaN  are  strongly 
affected  by  the  built-in  electric  field  originated  by  the 
spontaneous  polarization  charge,  and,  to  a  much  lesser 
extent,  by  strain.  The  well  width  dependence  of  the  fun¬ 
damental  le-lh  transition,  and  of  its  strength  and  tem¬ 
poral  evolution  are  consistent  with  the  Quantum  Con¬ 
fined  Stark  Effect  (QCSE)  induced  by  the  built-in  field. 
The  first  quantitative  analysis  of  these  effects  is  provid¬ 
ed  based  on  a  sophisticated  self-consistent  tight-binding 
model  accounting  for  screening  (either  dielectric  and  of 
free- carriers)  and  for  the  spontaneous  polarization  charge 
existing  at  the  GaN/AlGaN  interfaces. 
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In  the  past  decade,  research  work  in  AlGalnN  wide  band  gap  semiconductors  has  continuously 
intensified,  mainly  because  of  their  exceptional  expected  material  properties  which  make  them  the 
ideal  materials  for  numerous  devices,  including  solar  blind  ultraviolet  photodetectors.  In  this  pa¬ 
per,  the  growth  and  characterization  of  AlGalnN  thin  films  on  sapphire  and  silicon  substrates  by 
metalorganic  chemical  vapor  deposition  is  presented.  The  fabrication  and  testing  results  of  GaN 
and  AlxGai_xN  based  ultraviolet  photodetectors  are  discussed,  including  high  speed  low  noise  GaN 
based  Schottky  metal-semiconductor-metal  photodetectors  with  high  ratio  of  rejection  of  visible  light 
to  UV  light,  high  visible  blindness  GaN  p-i-n  photodiodes,  AUGai—^N  photoconductors  in  the  entire 
A1  compositional  range,  and  the  first  AlxGai_*N  p-i-n  photodiodes  (0  <  x  <  0.15)  ever  reported. 
Finally,  in  an  on-going  effort  to  improve  the  quality  of  AlGalnN  materials,  the  LEO  growth  and 
characterization  of  low  defect  density  GaN  films  on  both  (00.1)  sapphire  and  (111)  silicon  substrates 
is  described. 


I.  INTRODUCTION 

Gallium  nitride  based  semiconductors  have  been  the 
focus  of  intense  interest  in  recent  years  due  to  advances 
in  crystal  growth  technology  and  device  fabrication  pro¬ 
cedures.  Their  direct,  wide  band  gaps  make  them  an 
ideal  choice  for  use  in  various  photodetector  applications 
such  as  ultraviolet  (UV)  astronomy,  flame  detection  and 
engine  monitoring,  space-to-space  communications  or  so¬ 
lar  UV  monitoring,  where  it  would  be  advantageous  to 
exploit  the  natural  material  durability  in  harsh  environ¬ 
ments  and  the  material  visible-blindness  [1].  The  impres¬ 
sive  development  of  nitride  technology  in  these  last  few 
years  has  led  to  the  fabrication  of  simple  GaN  based  pho¬ 
todetectors  [2-6].  Several  types  of  photodetectors  have 
been  reported,  including  photoconductors  [3,7,8],  photo¬ 
voltaic  p-i-n  photodiodes  [4],  GaN  single  Schottky  barri¬ 
er  devices  [9],  and  more  recently,  Schottky-based  metal- 
semiconductor-metal  (MSM)  photodetectors  which  con¬ 
sist  of  two  Schottky  contacts  on  a  planar  surface  [10]. 

To  date,  nearly  all  the  research  work  on  GaN  semicon¬ 
ductor  materials  has  been  carried  out  using  sapphire  sub¬ 
strates  because  of  the  lack  of  another  suitable  substrate. 
This  has  resulted  in  materials  containing  an  impressive 
number  of  defects,  in  particular  threading  dislocations, 
in  spite  of  which  high  performance  devices  have  been 
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achieved.  Lateral  epitaxial  overgrowth  (LEO)  has  re¬ 
cently  emerged  as  a  promising  growth  method  to  achieve 
quasi  defect  free  GaN-based  materials  on  potentially  any 
type  of  substrate  [11].  LEO  was  successfully  used  to  re¬ 
duce  dislocation  density  in  GaN-based  laser  diodes  on 
(00.1)  A1203  and  enhance  their  lifetime  [12]. 

In  this  paper,  we  first  briefly  present  the  growth  and 
characterization  of  AlGalnN  thin  films  on  sapphire  and 
silicon  substrates  by  metalorganic  chemical  vapor  deposi¬ 
tion  (MOCVD).  The  fabrication  and  characterization  of 
GaN  and  AlxGai_xN  based  ultraviolet  (UV)  photodetec¬ 
tors  will  then  be  discussed.  These  include  high  speed  low 
noise  GaN  based  Schottky  metal-semiconductor-metal 
(MSM)  photodetectors  with  high  ratio  of  rejection  of  vis¬ 
ible  light  to  UV  light,  high  visible  blindness  GaN  p-i-n 
photodiodes,  AlrGai_xN  photoconductors  in  the  entire 
A1  compositional  range,  and  the  first  AlxGai^rN  p-i-n 
photodiodes  (0  <  x  <  0.15)  ever  reported.  Finally,  the 
LEO  growth  of  high  quality  GaN  films  on  both  (00.1) 
sapphire  and  (111)  silicon  substrates  will  be  presented. 

II.  ALGAINN  WIDE  BANDGAP  THIN 
FILMS  AND  HETEROSTRUCTURES 

AlxGai_xN  and  Gai_xInxN  thin  films  were  grown  in 
a  horizontal  low  pressure  metalorganic  chemical  vapor 
deposition  (MOCVD)  reactor.  The  chemical  precursors 
included  trimethyl-aluminum,  trimethyl-  and  triethyl- 
gallium,  trimethyl-indium  and  purified  ammonia.  Biscy- 
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clopentadienylmagnesium  was  used  for  the  p-type  dop¬ 
ing  source,  while  silane  and  germane  were  used  for  the 
n-type  doping  sources.  Pd  diffused  hydrogen  and  pu^ 
rified  nitrogen  were  used  as  carrier  gases.  The  growth 
was  performed  on  basal  plane  sapphire  and  (111)  silicon 
substrates.  The  epilayer  growth  temperature  was  about 
1000  °C  [13-15]. 

High  quality  ternary  AlxGai_xN  alloys  were  achieved 
on  sapphire  substrates  for  the  entire  alloy  composi¬ 
tion  range.  Open  detector  symmetric  x-ray  diffraction 
linewidths  as  low  as  30  arcsecs  were  obtained.  The 
Al  concentrations  were  determined  by  applying  Vegard’s 
law  to  both  by  x-ray  diffraction  and  optical  absorp¬ 
tion  measurements.  A  bowing  parameter  close  to  0  eV 
was  estimated.  Room  temperature  photoluminescence 
linewidths  narrower  than  35  meV  were  *  measured  for 
GaN.  The  n-type  and  p-type  doping  control  of  GaN  was 
achieved  for  n  up  to  1020  cm-3  and  p  up  to  2xl017  cm“3. 
The  n-type  doping  control  of  AlxGai_xN  was  achieved 
up  to  60  %  Al,  while  the  p-type  doping  of  AlxGai_xN 
was  achieved  for  up  to  30  %  Al. 

High  quality  AlxGai_xN/GaN  heterostructures  were 
successfully  achieved  on  sapphire  substrates.  Open  de¬ 
tector  x-ray  diffraction  of  AlxGai_xN/GaN  superlattice 
structures  exhibited  clear  satellite  peaks.  Two  dimen¬ 
sional  electron  gas  at  the  AlxGai_xN/GaN  interface  ex¬ 
hibited  mobilities  as  high  as  1000  cm2/ Vs  at  300  K  and 
2000  cm2/Vs  at  77  K.  AlxGai-xN/AIyGai_yN  Bragg  re¬ 
flectors  were  demonstrated  with  a  reflectivity  of  60  %  for 
unoptimized  structures  and  peak  reflectivity  wavelengths 
ranging  from  330  to  456  nm  [16]. 

High  quality  ternary  Gai_xInxN  alloys  as  bulk  films  or 
quantum  well  were  grown  on  sapphire  substrates  for  x  up 
to  30  %  In.  The  In  concentrations  in  the  alloys  were  de¬ 
termined  by  x-ray  diffraction.  By  correlating  these  with 
the  photoluminescence  bandedge  emission  energy,  a  bow¬ 
ing  parameter  of  —  1.5  eV  was  estimated.  High  quality 
Gai_rInxN/GaN  superlattices  were  achieved  with  clear 
open  detector  x-ray  diffraction  satellite  peaks  and  intense 
photoluminescence. 

The  origin  of  the  yellow  photoluminescence  in  GaN  on 
sapphire  substrates  was  investigated  and  attributed  to 
Ga  vacancies  [18].  Trimethyl-  and  triethyl-gallium  were 
compared  as  the  chemical  precursors  for  the  growth  of 
GaN.  Although  the  films  grown  using  either  precursor 
had  similar  x-ray  diffraction  curves,  those  grown  using 
the  triethyl  precursor  had  higher  carrier  mobilities,  less 
yellow  luminescence  and  a  lower  etch  pit  density  in  the 
growth  conditions  employed. 

Capitalizing  on  the  optimization  work  on  sapphire  sub¬ 
strates,  the  MQCVD  growth  of  AlGalnN  wide  bandgap 
semiconductors  was  investigated  on  silicon  substrates. 
The  motivation  was  to  take  advantage  of  the  wide  avail¬ 
ability,  high  quality  and  low  cost  of  silicon  substrates. 
(Ill)  oriented  silicon  substrates  were  chosen  because  of 
the  three  fold  in-plane  symmetry.  About  1.2  /xm  thick 
GaN  films  were  grown  and  characterized  on  (1.11)  silicon 


substrates.  Typical  x-ray  diffraction  and  300  K  PL  spec¬ 
tra  exhibited  linewidths  of  ~10.5  arcmins  and  30  meV 
respectively,  showing  that  the  GaN  was  quasi-single  crys¬ 
talline  and  had  optical  quality,  close  to  some  of  the  early 
GaN  epilayers  on  sapphire  [19].  The  characteristics  of 
these  GaN  films  depended  on  the  quality  of  the  substrates 
used.  In  particular,  the  GaN  x-ray  diffraction  linewidths 
increased  as  the  miscut  of  the  (111)  Si  substrates. 

HI.  GAN  SCHOTTKY  MSM  AND  GAN 
P-I-N  PHOTODETECTORS 

GaN  Schottky  MSM  photodetectors  were  fabricated  on 
~1.2  /xm-thick  GaN  and  GaN:Mg  films.  Low  resistivity 
p-type  GaN  was  achieved  in  the  Mg  doped  sample  after 
exposure  to  rapid  thermal  annealing  in  an  N2  ambient  en¬ 
vironment.  Inter  digitated  Pt/Au  Schottky  contacts  were 
deposited  by  electron-beam  evaporation  with  the  geome¬ 
try  shown  in  Figure  1.  The  high  quality  of  these  Schottky 
contacts  was  assessed  by  measuring  the  current-voltage 
(I-V)  characteristics  between  the  Schottky  contacts  and 
an  indium  ohmic  contact  deposited  near  the  edge  of  the 
wafer,  as  shown  in  the  inset  of  Figure  2.  They  show 
an  ideality  factor  of  —1.5  and  —4,  for  n.i.d.  GaN  and 
GaN:Mg  respectively,  with  leakage  resistances  >10  GfL 
The  dark  currents  are  only  —2  nA  at  5  V  for  the  GaN 
MSM  and  -12  nA  at  5  V  for  the  GaN:Mg  MSM  detector. 

A  Xe  arc  lamp  was  used  as  the  optical  source  for  the 
spectral  responsivity  studies  and  a  standard  synchronous 
detection  scheme  was  employed  to  measure  the  front- 
side-illuminated  detector  signal.  The  system  was  cali¬ 
brated  with  a  UV-enhanced  Si  detector.  The  respon¬ 
sivity  dependence  on  optical  power  was  determined  by 
excitation  with  a  cw  He-Cd  laser  (325  nm)  [4].  The  re¬ 
sponse  time  of  the  detectors  was  measured  using  a  pulsed 
nitrogen  laser  (337  nm)  as  the  optical  source.  Noise  char¬ 
acterization  was  performed  using  a  FFT  spectrum  ana¬ 
lyzer  with  the  devices  connected  to  a  current  amplifier, 
so  that  the  background  noise  power  density  of  the  system 


Fig.  1.  MSM  device  with  interdigitated  contacts.  Finger 
width  is  2  /x m,  length  is  150  \i m,  and  pitch  is  10  /im. 
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of  the  Schottky  contacts. 


is  about  10”24  A2/Hz. 

The  spectral  response  for  the  front-side  illuminated 
n.i.d  GaN  and  GaN:Mg  MSM  detectors  are  shown  in  Fig¬ 
ure  2.  The  response  of  the  GaN  MSM  detector  shows  a 
very  abrupt  cutoff.  By  contrast,  the  GaN:Mg  MSM  has  a 
more  gradual  decline  at  longer  wavelengths,  which  is  due 
to  the  presence  of  Mg  related  levels  in  the  material.  Using 
the  measurement  setup  described  above,  it  was  not  pos¬ 
sible  to  detect  any  photogenerated  signal  for  wavelengths 
longer  than  400  nm.  An  Ar  laser  at  514  nm  (green)  was 
used  to  obtain  a  detectable  photoresponse  in  the  visible 
spectral  region,  as  also  shown  in  Figure  2.  The  response 
curves  from  both  devices  exhibit  high  visible  rejection, 
with  an  ultraviolet/green  contrast  of  about  five  orders  of 
magnitude. 

The  photocurrent  increases  linearly  with  the  optical 
power  for  the  GaN:Mg  device  and  shows  no  saturation 
at  higher  power  levels  over  4  decades  of  power,  as  shown 
in  Figure  3.  The  n.i.d.  GaN  device,  however,  follows  a 
Pk  fit,  where  P  is  the  optical  power  and  &=0.9,  which  is 
a  much  better  result  than  the  &=0.1  behavior  reported 
for  n.i.d.  GaN  photoconductors  [3].  Both  MSM  devices 
exhibited  increase  of  responsivity  with  voltage  bias,  indi¬ 
cating  the  presence  of  an  internal  gain  mechanism  such 
as  hole  trapping.  The  shape  of  the  spectral  response  was 
found  to  be  independent  of  bias  up  to  5  V. 

The  temporal  response  of  these  devices  shows  no  per¬ 
sistent  photoconductivity.  The  photocurrent  decays  are 
measured  using  different  load  resistances.  The  decays 
are  exponential  for  the  n.i.d.  GaN  MSM  device.  By  con¬ 
trast,  the  GaN:Mg  device  shows  exponential  decays  for 
high  load  resistances  (>50  kQ),  but  they  become  non¬ 
exponential  for  lower  load  resistances  and  tends  towards 
a  response  time  of  200  ns  (Figure  4).  In  the  exponen¬ 
tial  regimes  the  time  response  is  limited  by  the  RC  time 
constant  of  the  system.  In  order  to  estimate  the  min- 


Fig.  3.  Photocurrent  dependence  on  optical  power  for  n.i.d. 
GaN  and  GaN:Mg  MSM  photodetectors,  measured  with  a 
He-Cd  laser  (325  nm).  In  the  inset,  the  scaling  of  the  re¬ 
sponses  with  increasing  bias  voltage  is  shown. 


Fig.  4.  Photocurrent  decays  measured  with  a  pulsed  ni¬ 
trogen  laser  for  different  load  resistances.  In  the  inset,  the 
magnification  of  low  load  data,  showing  the  divergence  of  the 
10  ns  and  0  ns  linear  fits. 


imum  time  response  of  the  n.i.d.  GaN  MSM  detector, 
the  decay  time  constants  are  plotted  as  a  function  of  the 
load  resistance.  In  order  to  find  the  real  speed  limitation 
of  the  device,  this  data  is  fitted  to  linear  functions  with 
zero-load  time  constants  of  10  ns  and  0  ns  (straight  and 
dotted  lines  in  Figure  4).  From  the  magnified  view  of  the 
low  load  data,  shown  in  the  insert,  it  is  clear  that  this 
measurement  provides  the  precision  only  to  attest  that 
the  time  response  lies  below  10  ns. 

The  noise  analysis  for  the  detectors  was  performed  at 
biases  up  to  5  V  using  a  SR760  FFT  spectrum  analyzer 
with  the  devices  connected  to  a  Keithley  428  current  am- 
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Fig.  5.  Noise  power  density  spectrum  of  GaN:Mg  MSM 
photodetector  and  the  background  noise  level. 


plifier  (the  background  noise  power  density  of  the  system 
is  about  10-24  A2/Hz).  The  noise  power  density  of  the 
n.i.d.  GaN  MSM  remained  below  the  background  level, 
even  when  biased  at  5  V.  For  the  GaN:Mg  MSM,  only 
at  5  V  could  any  level  be  detected  above  the  background 
noise  of  the  system.  In  this  case,  the  noise  power  density 
exhibited  a  1/f  dependence,  which  is  expected  for  this 
wide  bandgap  material,  as  shown  in  Figure  5. 

The  GaN  p-i-n  photodiodes  consisted  of  first  a  1  /im  n- 
type  Si-doped  GaN  layer,  followed  by  a  1000  A  undoped 
GaN  layer,  and  terminated  by  a  2000  A  Mg-doped  GaN 
layer,  as  shown  in  Figure  6(a).  After  epitaxial  growth, 
the  samples  were  annealed  using  a  rapid  thermal  anneal¬ 
er  (RTA)  to  achieve  low-resistivity  p-type  GaN:Mg.  The 
surface  of  the  sample  was  partially  removed  using  ECR- 
RF  dry  etching  until  the  n-type  GaN  was  exposed  to 
form  400  //mx400  /im  square  mesa  structures.  Ti/Au 
and  Ni/Au  metals  were  evaporated  onto  the  p-type  and 
n-type  GaN  respectively,  using  an  electron-beam  evapo¬ 
rator.  Gold  wires  were  used  to  contact  the  mesas.  The 
final  device  is  shown  in  Figure  6(b).  The  measurement 
setup  was  similar  to  the  one  described  above. 

The  absolute  spectral  responsivity  of  the  GaN  p-i-n 
photodiode  without  bias  is  plotted  in  Figure  7  (solid  line). 
The  responsivity  was  nearly  constant  below  ~365  nm.  A 
peak  responsivity  of  0.15  A/W  at  363  nm  was  achieved, 
which  is  the  best  value  ever  reported  in  the  literature  for 
a  GaN  p-i-n  device.  The  theoretical  current  responsivity 
for  a  p-i-n  photodiode  is  given  by 

=  Vc" 

where  A  is  the  photon  wavelength  and  rj  is  the  exter¬ 
nal  quantum  efficiency.  This  external  quantum  efficiency 
includes  the  internal  quantum  efficiency  and  reflectivi¬ 
ty  losses.  Using  the  value  obtained  for  the  responsivity 
at  363  nm,  an  external  quantum  efficiency  of  r/~0.51  is 
estimated  for  these  p-i-n  photodiodes. 
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Fig.  6.  (a)  Schematic  and  (b)  scanning  electron  micrograph 
of  a  typical  photodiode  mesa  structure. 


Fig.  7.  Room  temperature  spectral  response  of  a  typical 
GaN  p-i-n  photodiode. 


Using  the  measurement  setup  described  above,  it  was 
not  possible  to  detect  any  photogenerated  signal  for 
wavelengths  longer  than  about  390  nm.  A  high  power 
argon  laser  (514  nm)  was  then  used  to  obtain  a  photore¬ 
sponse  in  the  visible  spectral  region  and  the  value  of  the 
responsivity  is  shown  in  Figure  7  as  a  triangle.  By  di¬ 
viding  the  values  of  the  responsivity  at  363  nm  and  at 
514  nm,  a  value  of  106  was  obtained  for  the  visible-to-UV 
rejection  ratio,  which  is  about  three  orders  of  magnitude 


-8238- 

higher  than  other  reports  on  Ill-Nitride  based  ultravio¬ 
let  photodetectors.  Because  GaN  has  a  wide  bandgap, 
crystal  defects  or  impurities  in  the  material  may  easily 
create  energy  levels  within  the  gap.  These  levels  form  re¬ 
combination  centers  which  harm  the  performance  of  UV 
photodetectors,  in  particular  their  solar  blindness.  The 
improvement  of  the  solar  blindness  for  the  present  GaN 
based  UV  detectors  can  be  partly  attributed  to  a  better 
control  of  the  material  growth  technology  (reduction  of 
impurity  and  defect  densities). 

Frequency  dependent  photoresponse  measurements 
were  conducted  as  a  function  of  load  resistance  and  re¬ 
verse  bias.  The  photoresponse  curves  were  fitted  to  the 
theoretical  equation  for  the  frequency  dependent  respon- 
sivity.  The  results  suggested  that  the  speed  of  these  GaN 
p-i-n  photodiodes  was  limited  by  the  RC  time  constant  of 
the  detection  circuit,  where  R  is  the  total  resistance,  in¬ 
cluding  the  load  resistor  and  the  internal  resistance  of  the 
diode,  and  C  is  mainly  the  capacitance  of  the  depletion 
layer  in  the  diode  [14]. 

IV.  AL*GAi_*N  (0<  X  <1) 
PHOTOCONDUCTORS  AND  AL^GA^N 
(0.05<  X  <0.15)  P-I-N  PHOTODIODES 

The  AlxGai_xN  photoconductors  consisted  of  two  in¬ 
dium  stripe  contacts  with  a  separation  of  1  mm  and  a 
length  of  4  mm  on  1  ji m  thick  AlxGai_rN  films  grown  on 
(00.1)  sapphire  substrates  in  the  same  conditions  as  dis¬ 
cussed  earlier  in  this  paper.  The  contacts  were  blocked 
from  illumination  so  that  the  influence  of  any  possible 
photoelectric  effect  would  be  minimized.  The  measure¬ 
ment  setup  was  similar  to  the  one  discussed  above. 

The  normalized  spectral  response  in  shown  in  Figure  8. 
A  cut-off  wavelength  from  200  to  365  nm  was  achieved 
by  controlling  the  AlxGai_xN  alloy  composition.  The 
responsivity  linearly  increased  with  bias  voltage  and  sat- 
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urated  at  high  voltages  due  to  the  sweep  out  effect  [5] . 

The  AlxGai_xN  p-i-n  structures  consisted  of  first  a 
1.4  fim  undoped  GaN  layer,  followed  by  a  1  \i m  Si-doped 
AlxGai_xN,  a  1000  A  undoped  AlxGai_xN,  and  a  2000 
A  Mg-doped  AlxGai_xN  layer  on  basal  plane  sapphire, 
as  shown  in  Figure  9  [13,14].  Two  A1  concentrations 
were  used  in  these  experiments  as  determined  by  cali¬ 
brated  growth  conditions:  5  %  and  15  %.  The  process¬ 
ing  steps  included  rapid  thermal  annealing,  fabrication 
of  400  //mx400  fim  mesas  by  ECR-RF  dry  etching,  and 
deposition  of  metal  contact  (Ni/Au  and  Ti/Au).  Figure 
9  also  shows  the  device  cur  rent- volt  age  (I-V)  character¬ 
istics  with  a  series  resistance  of  50  Q.  The  photodetector 
characterizations  were  performed  using  the  same  mea¬ 
surement  techniques  as  reported  earlier  [4]. 

Figure  10  shows  typical  spectral  response  of  Alx- 
Gai_rN  p-i-n  photodiodes  with  different  A1  contents. 


Fig.  9.  Current- volt  age  (I-V)  characteristic  of  AlxGai-^N 
p-i-n  photodiodes.  Schematic  structure  of  the  devices. 


Fig.  8.  Room  temperature  spectral  response  of  AUGai-^N 
photoconductors. 


Fig.  10.  Zero- bias  spectral  response  of  AUGai-^N  p-i-n 
photodiodes. 
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Fig.  11.  Photocurrent  dependence  on  optical  power  in 
ALrGai-xN  p-i-n  photodiodes,  measured  with  a  He-Cd  laser. 
The  inset  shows  the  responsivity  dependence  on  reverse  bias. 


Fig.  12.  hotocurrent  decays  measured  with  a  pulsed  nitro¬ 
gen  laser  for  different  load  resistances.  In  the  inset,  time 
constant  and  capacitance  dependence  on  reverse  bias. 

The  cutoff  wavelength  shifts  from  365  to  338  nm  with 
increasing  Al  content  but  the  cutoff  then  becomes  less 
sharp  due  to  ternary  disorder.  A  visible  rejection  of 
about  six  orders  of  magnitude  is  observed  in  all  the  sam¬ 
ples.  The  photocurrent  increases  linearly  with  optical 
power  for  five  decades  (30  mW/in2  up  to  3  KW/m2),  as 
shown  in  Figure  11,  and  saturates  for  high  power  levels, 
likely  due  to  the  heating  of  the  detectors.  The  respon¬ 
sivity  has  been  observed  to  increase  with  reverse  bias. 

The  dependence  of  the  photocurrent  decay  time  on  the 
load  resistance  has  been  analyzed  (Figure  12).  The  pho¬ 
tocurrent  decays  are  exponential  for  high  load  resistances 
(>50  kQ).  In  this  regime,  the  device  time  response  is  lim¬ 
ited  by  the  RC  constant  of  the  system,  where  R  is  the 
load  resistance  and  C  is  the  sum  of  the  load  capacitance 


Fig.  13.  (a)  Capacitance-frequency  (C-f)  characteristics  of 
AlxGai-sN  photodiodes  with  different  Al  concentrations,  (b) 
Evolution  of  the  C-f  curve  with  temperature. 


(approximately  30  pF  in  our  measurement  system)  and 
the  internal  capacitance  of  the  device  at  low  frequencies 
(100  pF).  The  time  constant  decreases  with  reverse  bias 
as  shown  in  the  inset  of  Figure  12,  due  to  the  decrease 
of  the  device  capacitance.  For  lower  load,  the  photocur¬ 
rent  decays  become  non-exponential.  The  decay  time  is 
longer  than  the  RC  constant,  and  tends  to  about  500  ns 
for  very  low  load  resistances  (~50  Q). 

The  temporal  behavior  of  the  photodiodes  can  be  ex¬ 
plained  by  the  dependence  of  their  capacitance  on  fre¬ 
quency,  C-f  curve  in  Figure  13(a),  measured  using  an 
impedance  analyzer.  A  difference  between  the  capaci¬ 
tance  at  low  and  high  frequencies  was  observed  and  indi¬ 
cated  the  presence  of  an  impurity  in  the  semiconductor 
which  responds  up  to  higher  frequencies  for  increasing 
temperature,  as  expected  (Figure  13(b)).  No  bias  de¬ 
pendence  has  been  detected  in  the  shape  of  this  curve. 
Capacitance  vs.  voltage  (C-V)  measurements  were  per¬ 
formed  both  at  low  and  high  frequencies,  to  estimate  the 
content  of  the  defect.  From  the  plots  of  1/C2  vs.  bias, 
concentrations  of  1.5 xlO18  cm"3  and  8.1xl016  cm"3  are 
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Fig.  14.  Conductance  divided  by  frequency  vs.  frequency 
measured  at  different  temperatures.  In  the  inset,  Arrhenius 
plot  obtained  from  the  evolution  of  the  peaks  with  tempera¬ 
ture. 


obtained  at  1  kHz  and  1  MHz  respectively.  In  order  to 
estimate  the  activation  energy  of  the  impurity,  admit¬ 
tance  spectroscopy  measurements  have  been  performed 
[20].  From  the  Arrhenius  plot  obtained  from  the  varia¬ 
tion  of  the  conductance  divided  by  frequency  vs.  frequen¬ 
cy  with  temperature  (Figure  14)  an  activation  energy  of 
99  ±  2  meV  was  calculated. 

Taking  into  account  the  capacitance  of  the  device  and 
the  dielectric  constant  of  GaN,  the  intrinsic  region  is  com¬ 
pletely  depleted  of  carriers,  and  the  value  obtained  from 
the  C-V  curve  should  correspond  to  the  acceptor  concen¬ 
tration  in  the  p-type  region  (the  n-type  region  is  more 
heavily  doped).  The  large  difference  in  the  C-V  measure¬ 
ment  at  high  and  low  frequencies  imply  that  the  impurity 
concentration  is  about  1018  cm-3.  Due  to  this  high  val¬ 
ue  and  its  low  activation  energy,  we  conclude  that  this 
impurity  is  not  related  to  deep  levels,  but  most  probably 
substitutional  Mg,  which  is  not  completely  activated  at 
room  temperature.  However,  the  value  of  99  meV  is  low 
in  comparison  with  the  150  meV  thermal  activation  en¬ 
ergy  of  Mg  found  by  Hall  measurements  [21].  For  high 
frequencies,  when  Mg  cannot  react,  the  residual  capaci¬ 
tance  should  be  due  to  the  intrinsic  donor,  which  appears 
in  our  non-intentionally-doped  layers  in  concentrations 
similar  to  the  values  measured  by  C-V  at  1  MHz. 

V.  LATERAL  EPITAXIAL  OVERGROWTH 
OF  GAN  ON  SAPPHIRE  AND  SILICON 
SUBSTRATES 

Lateral  epitaxial  overgrowth  (LEO)  is  a  promising 
growth  method  to  achieve  quasi  defect  free  GaN-based 
materials,  a  goal  which  has  thus  far  eluded  the  research 
community,  on  potentially  any  type  of  substrate  [22]. 


Achieving  quasi  defect  free  GaN  materials  would  lead 
to  an  immense  step  forward  in  GaN-based  device  perfor¬ 
mances.  The  two  most  important  substrates  to  be  inves¬ 
tigated  are  (00.1)  sapphire  and  (111)  silicon  substrates 
for  obvious  reasons. 

Prior  to  conducting  LEO  growth,  it  is  necessary  to 
achieve  a  high  quality  “ template ”  film,  which  is  gener¬ 
ally  of  the  same  nature  as  the  LEO  material,  e.g.  GaN. 
The  GaN  template  layers  on  sapphire  were  1~2  fim  thick, 
whereas  those  on  silicon  were  only  0.2  /im  thick.  The 
growth  conditions  and  properties  of  these  template  films 
have  been  discussed  earlier  in  this  paper.  Next,  a  2000  A 
thick  Si02  film  was  deposited  by  electron  beam  evapora¬ 
tion.  Standard  photolithography  and  etching  were  used 
to  define  a  15  fim  period  pattern  consisting  of  3~4  fim- 
wide  stripe  openings.  The  samples  were  then  loaded  back 
into  the  reactor  for  regrowth  of  GaN.  The  films  were  char¬ 
acterized  through  x-ray  diffraction,  photoluminescence, 
scanning  electron  microscopy  (SEM)  and  atomic  force 
microscopy  (AFM). 

Several  parameters  need  to  be  optimized  in  order  to 
achieve  high  quality  LEO  GaN.  First  is  the  orientation 
of  the  stripes  with  respect  to  the  crystallographic  direc¬ 
tions  of  the  underlying  GaN  template.  In  our  earlier 
work  on  the  LEO  of  GaN,  we  showed  that  for  stripes 
parallel  to  <10.0>  of  GaN  a  rectangular  cross  section  is 
obtained,  whereas  for  stripes  parallel  to  <11.0>  of  GaN 
a  truncated-  or  complete  pyramidal  shape  is  obtained 
[23].  In  the  former  case,  a  higher  lateral-to- vertical  (L/V) 
growth  rate  ratio  than  in  the  later  case  is  observed.  The 
origin  of  this  behavior  is  attributed  to  the  slow  growth 
rate  of  the  {111}  planes  of  GaN  [24].  It  is  generally  de¬ 
sired  to  achieve  as  high  a  L/V  growth  rate  as  possible 
to  minimize  the  amount  of  time  needed  to  cover  the  en¬ 
tire  wafer  surface.  In  our  experiments  here,  the  stripes 
were  then  oriented  parallel  to  the  <10.0>  direction  of 
GaN.  In  the  literature,  there  has  been  some  confusion  on 
the  labeling  of  crystallographic  directions  for  hexagonal 
symmetry  crystals  such  as  GaN  and  AI2O3  [24,11].  In 
the  text  of  the  present  paper,  we  chose  to  use  a  four  digit 
notation  for  crystallographic  directions.  The  conversion 
between  a  three  digit  and  a  four  digit  notation  was  giv¬ 
en  earlier  [25].  In  the  early  stages  of  GaN  regrowth,  it 
is  necessary  to  avoid  nucleation  on  the  masked  areas  in 
order  to  confine  the  growth  in  the  open  windows.  For 
this  reason  and  to  achieve  a  high  L/V  growth  rate,  one 
needs  to  enhance  the  surface  diffusion  of  adatoms.  One 
method  to  do  so  is  by  decreasing  the  growth  rate,  how¬ 
ever  it  must  not  be  so  low  that  growth  durations  become 
impractical.  Another  method  is  to  increase  the  growth 
temperature. 

Under  optimized  growth  conditions  for  our  experi¬ 
ments,  an  SEM  micrograph  of  the  LEO  grown  GaN  as 
shown  in  Figure  15  is  obtained,  which  exhibited  a  rect¬ 
angular  cross  section.  The  duration  of  the  growth  was 
only  10  minutes.  The  GaN  grew  ~2600  nm  laterally  and 
~475  nm  vertically  above  the  Si02  mask,  which  corre- 
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Fig.  15.  Cross  section  SEM  micrograph  of  an  uncoalesced 
LEO  grown  GaN  on  (00.1)  sapphire. 
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Fig.  16.  SEM  micrographs  of  coalesced  LEO  grown  GaN 
on  (00.1)  sapphire  substrate. 

sponds  to  a  L/V  growth  rate  ratio  close  to  5.5,  which 
is  the  highest  value  reported  to  date.  The  surface  of  the 
overgrown  GaN  is  not  perfectly  flat  and  is  slightly  curved. 
The  origin  of  this  curvature  is  under  investigation. 

By  further  conducting  the  growth,  the  LEO  film  coa¬ 
lesced  as  show  in  the  SEM  cross  section  and  surface  mi¬ 
crographs  in  Figure  16.  Small  void  areas  can  be  observed 
in  the  cross  section  at  the  junction  between  two  lateral 
growth  fronts,  and  seamlines  can  be  seen  on  the  surface 
at  that  location.  The  x-ray  diffraction  and  300  K  pho¬ 
toluminescence  (PL)  spectra  from  these  coalesced  films 
exhibited  linewidths  of  7  arcmins  and  ~95  meV,  respec¬ 
tively.  The  x-ray  linewidth  is  on  the  same  order  as  the 
template  layer  used  in  these  present  experiments.  The  PL 
peak  is  broader  than  for  a  same  thickness  GaN  grown  un¬ 


der  similar  conditions  on  plain  sapphire  and  doped  with 
the  same  amount  of  Si.  This  suggests  that  there  are  addi¬ 
tional  impurities  incorporated  during  LEO  growth  which 
enhance  and  broaden  the  PL,  which  most  probably  orig¬ 
inated  from  the  Si02  mask  slightly  decomposing  during 
growth  at  such  high  temperatures. 

These  results  were  then  applied  to  the  LEO  of  GaN  on 
silicon  substrates.  This  was  made  possible  after  achiev¬ 
ing  high  crystalline  quality  GaN  template  films  on  sili¬ 
con  substrates,  as  discussed  earlier  in  this  paper.  Under 
optimized  growth  conditions  for  our  experiments,  a  quasi 
rectangular  cross  section  is  obtained  for  LEO  grown  GaN 
on  (111)  Si,  as  shown  in  Figure  17.  The  duration  of  the 
growth  was  25  minutes.  The  GaN  grew  ~4900  nm  later¬ 
ally  and  ~950  nm  vertically  above  the  Si02  mask,  which 
corresponds  to  a  L/V  growth  rate  ratio  close  to  5.2,  which 
is  as  high  as  for  the  LEO  on  Al203  substrates.  The  sur¬ 
face  of  the  overgrown  GaN  is  also  not  perfectly  flat  and 
is  slightly  curved,  as  for  the  LEO  on  AUO3. 

Figure  17  also  shows  an  AFM  image  of  the  surface  of 
the  regrown  GaN  on  Si  substrates  in  relation  with  the 
SEM  cross  section.  The  side  of  the  AFM  image  corre¬ 
sponds  to  10  /im  and  the  vertical  scale  is  74.4  nm.  It  can 
be  clearly  seen  that  the  GaN  grown  in  the  open  window 
has  a  significant  number  of  pinholes  and  dislocation  ter¬ 
minations.  However  none  of  these  are  seen  in  the  LEO 
grown  regions  above  the  Si02  mask,  which  suggests  that 


LEO,  GaN:  Si 


(111) Si 


4.0  kV  X8.0BK 


Fig.  17.  FM  image  of  the  surface  (top)  and  corresponding 
cross  section  SEM  micrograph  (bottom)  of  an  uncoalesced 
LEO  GaN  grown  on  (111)  silicon  substrate. 
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Fig.  18.  SEM  micrographs  of  coalesced  LEO  grown  GaN 
on  (ill)  silicon  substrate. 


these  regions  are  less  defective,  confirming  that  LEO  can 
be  successfully  used  to  reduce  defects  in  GaN  on  silicon 
substrates. 

By  further  conducting  the  growth,  the  LEO  film  coa¬ 
lesced  as  show  in  the  SEM  cross  section  and  surface  mi¬ 
crographs  in  Figure  18.  Inverted  “V”  shaped  voids  can 
be  observed  in  the  cross  section  at  the  junction  between 
two  adjacent  lateral  growth  fronts  and  seamlines  can  be 
seen  on  the  surface  at  that  location.  Figure  19(a)  and 
(b)  show  the  x-ray  diffraction  from  these  coalesced  films 
measured  with  the  x-ray  beam  perpendicular  and  parallel 
to  the  stripes,  respectively.  In  the  “perpendicular  beam” 
or  (a)  case,  two  distinct  peaks  for  the  GaN  are  observed. 
The  linewidths  of  these  peaks  were  on  the  order  of  14 
arcmins.  By  contrast,  in  the  ’’parallel  beam”  or  (b)  case, 
there  is  only  one  peak  for  GaN  but  both  this  peak  and 
the  Si  substrate  peak  are  significantly  broader,  which  is 
likely  due  to  residual  strain  in  the  epilayer/substrate  sys¬ 
tem  in  the  direction  parallel  to  the  stripes.  The  presence 
of  two  distinct  GaN  peaks  in  the  (a)  case  was  due  to  a 
misalignment  in  the  (00.1)  GaN  planes  between  the  LEO 
crystals  grown  above  the  left  and  the  right  sides  of  the 
mask  opening.  The  300  K  photoluminescence  spectrum 
from  these  films  exhibited  a  linewidth  of  90  meV. 
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Fig.  19.  X-ray  diffraction  spectra  from  a  coalesced  LEO 
grown  GaN  film  on  (ill)  Si  substrate  measured  with  an  inci¬ 
dent  x-ray  beam  (a)  perpendicular  to  the  stripes,  (b)  parallel 
to  the  stripes. 


performance  devices  were  fabricated  and  characterized. 
High  speed  low  noise  GaN  based  Schottky  MSM  pho¬ 
todetectors  with  a  visible  light  to  UV  light  rejection  ra¬ 
tio  higher  than  105  and  a  response  time  shorter  than  10 
ns  have  been  achieved.  GaN  p-i-n  photodiodes  with  a 
visible  to  UV  light  rejection  ratio  higher  than  106  have 
been  demonstrated.  AlrGai_rN  photoconductors  in  the 
entire  A1  compositional  range  exhibited  a  cut-off  wave¬ 
length  continuously  tunable  from  200  to  365  nm.  The 
first  AlrGai_rN  p-i-n  photodiodes  (0  <  x  <  0.15)  ever 
reported  yielded  a  6  orders  of  magnitude  visible  to  UV 
light  rejection.  Finally,  the  LEO  growth  and  characteri¬ 
zation  of  high  quality  GaN  films  on  both  (00.1)  sapphire 
and  (111)  silicon  substrates  showed  lateral  growth  rates 
more  than  5  times  as  high  as  vertical  growth  rates  and 
resulted  in  lower  defect  density  GaN  materials. 


VI.  CONCLUSIONS 

The  growth  and  characterization  results  of  AlGalnN 
thin  films  on  sapphire  and  silicon  substrates  have  been 
presented.  Using  high  quality  AlGalnN  materials,  high 
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N-type  GaN  epilayers  were  grown  on  sapphire  using  the  metalorganic  chemical  vapor  deposition 
(MOCVD).  Unintentionally  doped  GaN  epilayers  were  grown  as  a  functions  of  GaN  buffer  layer 
growth  rate.  The  growth  rate  was  found  to  be  crucially  related  with  the  edge-type  threading 
dislocations,  and  the  dislocation  density  of  ^2xl08  cm  2  was  obtained  at  the  optimum  condition. 
The  thin  epilayers  with  higher  dislocation  density  require  a  two-band  model  including  the  T  and 
the  impurity  bands  in  analysing  the  temperature-dependent  Hall  effects  measured  in  a  wide  range 
20~800  K.  But  the  two-band  model  was  necessary  only  for  temperatures  lower  than  300  K  for 
doped  epilayers.  The  thickness-dependent  characteristics  indicates  that  the  impurity-band  effects 
are  ascribed  to  the  near-interface  region  in  unintentionally  doped  GaN  layers. 


I.  INTRODUCTION 

Due  to  the  lattice  and  thermal  mismatches,  the  GaN 
epilayers  grown  on  sapphire  substrate  are  known  to  con¬ 
tain  high  density  of  defects  and  residual  levels  in  the 
band  gap.  In  addition,  the  depth  inhomogeneity  [1],  the 
impurity-band  conduction  [2]  and  GaN/sapphire  inter¬ 
face  [3]  make  it  difficult  to  analyze  the  Hall  effect  mea¬ 
surements.  The  Hall  effects  have  been  routinely  mea¬ 
sured  to  evaluate  the  GaN  epilayer  quality  in  terms  of 
the  mobility  and  electron  density  [4-7]  as  in  the  conven¬ 
tional  semiconductors.  When  the  impurity-band  (and/or 
GaN/sapphire  interface)  conduction  and  inhomogeneities 
of  characteristics  are  existed  in  the  sample,  however,  the 
as-measured  data  may  be  misleading  in  the  epilayer  eval¬ 
uation. 

The  GaN  epilayers  grown  on  sapphire  are  characterized 
by  high  density  edge-type  threading  dislocations  (ETD) 
[8],  and  the  low  mobility  of  undoped  layers  as  well  as  the 
temperature-dependency  of  the  Hall  mobility  at  low  tem¬ 
perature  range  have  been  ascribed  to  the  scattering  due 
to  the  ETD  [5,7].  Meanwhile,  the  impurity-band  conduc¬ 
tion  has  been  also  adopted  to  explain  the  low  tempera¬ 
ture  electrical  properties  [2,10,11]. 

In  this  work,  the  GaN  epilayers  were  grown  on  sapphire 
substrates  as  a  function  of  GaN  buffer  layer  growth 
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rate  using  the  metal-organic  chemical  vapor  deposition 
(MOCVD).  Samples  were  investigated  by  high  resolution 
x-ray  duffraction  (HRXRD),  atomic  force  microscopy 
(AFM),  photoluminescence  (PL),  and  temperature  de¬ 
pendent  Hall-effect  (TDHE)  measurements.  The  electron 
transport  parameters  in  the  T  band  were  calculated  by 
solving  the  Boltzmann  transport  equation  (BTE)  with 
various  scattering  mechanism.  The  iteration  technique 
[12]  was  used  to  solve  the  BTE,  not  relying  on  the  relax¬ 
ation  time  approximation.  To  fit  the  experimental  data, 
a  two-band  model  including  the  T  band  and  an  impurity 
band  had  to  be  adopted.  The  temperature  range  for  the 
two-band  model  depends  upon  the  sample. 

II.  EXPERIMENTAL 

The  samples  were  grown  on  basal  plane  sapphire  sub¬ 
strates  by  the  horizontal  MOCVD  operating  at  low  pres¬ 
sure.  The  substrates  were  cleaned  in  organic  solvents  and 
then  etched  in  hot  solution  of  3H2S04:1H3P04.  In  the 
reactor,  the  substrates  were  heated  for  10  minutes  under 
H2  flowing  at  1100  °C.  The  temperature  was  then  re¬ 
duced  to  560  °C  for  the  growth  of  GaN  buffer  layer  with 
nominal  thickness  of  250  A. 

The  flow  rate  of  trimethylgallium  (TMGa),  /tmg,  was 
varied  from  20  /imol  to  90  /imol  per  minute  in  an  effort  to 
see  how  the  buffer  layer  growth  rate  affects  the  epilayer 
property.  After  the  buffer  layer  growth,  the  temperature 
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Fig.  1.  The  AFM  surface  image  incorporated  with  capacitance  image  for  the  samples  grown  at  /tmg— 20  /imol/min  (a)  and 
/tmg=80  /tmol/min,  (b).  The  black  points  represent  the  terminations  of  pure  edge  and  mixed  treading  dislocations  at  the 
surface.  The  dislocation  densities  are  9xl09  cm“2  (a)  and  2xl08  cm-2  (b). 


was  increased  to  1080  °C  to  grow  the  GaN  epilayers,  and 
the  frMG  was  kept  constant  at  112  /imol/min  for  all  the 
epilayer  growths.  The  flow  rate  of  NH3  was  kept  constant 
at  156  /imol/min  during  the  whole  growing  process. 

The  frMG  was  found  to  be  crucial  to  the  epilayer 
growth.  The  epilayer  thickness  grown  for  an  hour  var¬ 
ied  from  2.8  to  1.4  /i m  with  the  /tmg  variation  from  20 
to  80  /imol/min.  Figure  1  shows  the  AFM  image  of  two 
samples  grown  with  different  Jtmg •  The  RMS  disloca¬ 
tion  density  is  ~2xl08  cm-2  at  the  optimum  condition 
and  the  largest  value  was  9xl09  cm-2.  Some  other  ex¬ 
perimental  data  related  with  the  f tmg  such  as  the  Hall 
mobility,  Hall  concentration,  photoluminescence,  TEM 
are  discussed  in  detail  elsewhere  [13]. 

The  Hall  effects  were  measured  on  all  the  samples,  and 
Figs.  2,  3  and  4  show  some  of  the  results.  Some  of  the 
room  temperature  characteristics  and  results  of  the  anal- 
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Fig.  3.  The  Hall  mobility  variations  with  temperature. 
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Table  1.  Sample  characteristics. 


Sample 

nH  (cm  3) 

tit  (cm  3) 

flH 

(cm2/V-sec) 

Thick. 

(H 

Activation 
Energy  (meV) 

Nd  (cm  3) 

Na  (cm  3) 

NsQs 

(cm-1) 

AIX184 

8.81  E16 

4.08  E16 

406 

2 

22 

2.60  E17 

6.50  E16 

5  E4 

AIX191 

9.52  E16 

4.64  E16 

500 

1.7 

22 

2.00  E17 

3.00  E16 

3  E4 

AIX204 

1.11  E17 

1.39  E17 

670 

5 

18 

2.40  E17 

7.00  E16 

5  E4 

AIX193 

1.39  E17 

9.10  El 6 

538 

1.4 

17 

3.30  E17 

6.00  E16 

3  E4 

DB-01 

1.48  E17 

1.72  E17 

580 

1.2 

16 

2.30  E17 

5.70  E16 

5  E4 

APL-01 

2.24  E17 

2.74  E17 

508 

2.5 

13 

5.50  E17 

1.68  E17 

5  E4 

AIX187 

3.11  E17 

3.78  E17 

352 

4 

14 

1.10  El8 

6.50  E17 

5  E3 

SIDB-01 

3.20  E17 

3.78  E17 

155 

1.2 

12 

2.90  E18 

2.30  E18 

4  E4 

APL-02 

4.91  E17 

5.74  E17 

372 

2.5 

13 

1.50  E18 

3.40  E17 

3  E4 

AIX186 

5.82  E17 

6.80  E17 

374 

2 

12 

1.50  E18 

5.50  E17 

5  E3 

AIX189 

6.13  E17 

6.90  E17 

406 

8 

13 

1.30  E18 

4.00  E17 

5  E3 

SiGN-01 

1.22  E18 

1.39  E18 

180 

3 

10 

3.60  E18 

2.00  E18 

— 

CQD 

1.59  E18 

1.71  E18 

123 

2 

8 

7.20  E18 

5.20  E18 

— 

SiGN-02 

4.33  E17 

4.59  E18 

194 

4.5 

10 

6.80  E18 

1.00  E18 

- 

yses  are  summarized  in  Table  1.  Figures  3  and  4  illustrate 
variations  of  the  typical  Hall  mobility  fin  and  Hall  coef¬ 
ficient  Rh  variations  with  temperature,  respectively,  for 
three  different  groups;  unintentionally  doped,  medium 
doped,  and  rather  heavily  doped  epilayers. 


III.  ANALYSES 

To  our  knowledge,  subsidiary  conduction  band  edges 
are  high  enough  above  the  T  edge  and  thus  electrons  in 
the  T  band  may  be  assumed  to  be  dominant  in  transport 
up  to  the  highest  temperature  800  K  in  the  present  work. 
The  T  band  parameters  such  as  the  band-gap  variation 
with  temperature  and  effective  mass,  along  with  other 
material  parameters  necessary  for  calculations  of  trans¬ 
port  parameters,  seem  rather  well  established  as  collected 
in  Table  2. 


Table  2.  Material  parameters. 


Parameters 

Values 

Reference 

7 

—8.32X10-4  eV/K 

[14] 

p 

835.6  K 

[14] 

mj  (electron  effective  mass) 

0.22 

[15] 

Ed  (deformation  potential) 

13  eV 

[16] 

Pe  (piezoelectric  coefficient) 

0.135 

[17] 

cs  (low-frequency  dielectric 

10.0 

[18] 

constant) 

Coo  (high-frequency 

5.2 

* 

dielect  ricconst  ant) 

p  (crystal  density) 

6.0895  g/cm3 

** 

a  (lattice  constant) 

3.189  A 

[19] 

c  (lattice  constant) 

5.185  A 

[19] 

Ci  (longitudinal  elastic 

2.65X1011  N/m2 

[17] 

constant) 

hu o  (optical  phonon  energy) 

91.2  meV 

[14,18] 

determined  in  this  work,  **estimated  from  a  and  c 


As  an  approximation  of  the  T  band  structure,  the  non¬ 
parabolic  Kane  form  and  the  bottom-of-the-band  effec¬ 
tive  mass  may  be  written  as  [20] 


h2k2  EX 
- 1 - x 

2m  e  2 


me 

m0 


P2  /  2  1  \ 

+  3  US  +  £0*  +  AcJ  ’ 


(1) 

(2) 


with  the  band  gap  Eo  and  the  effective  mass  band  gap 
Eq  variations  with  temperature  given  by  [21,22] 

E*0(T)  =  Eo(0)  +  jT2/(I3  +  T),  (3) 

E*0(T)  =  Eo(0)-[E0(0)-Eo(T)]/A,  (4) 

where  A  is  assumed  to  be  1.5  [23]. 

In  the  presence  of  a  vanishingly  small  electric  field  F 
and  an  arbitrary  magnetic  field  J3,  the  perturbed  electron 
distribution  function  may  be  written  as  [12] 

f(B,k)  =  f0(E)-^p-<t>(B,k)F  (5) 

where  the  vector  <f>(B,  k)  is  determined  by  solving  the 
linearized  Boltzmann  equation 

Taking  the  z- axis  along  B,  k )  is  given  by 

<f>{B,  k )  =  Pikt  +  P2(z  x  kt)  +  P$kzz  (7) 

where  kt  —  ( kx ,  kyy  0),  z  =  (0, 0, 1)  and  the  Pi  are  scalar 
functions  of  k  alone. 

The  element  of  the  conductivity  tensor  is  given  by 


Electron  Transport  Properties  of  GaN  Epilayers  Grown  by  •  •  ■  —  M.  G.  Cheong  et  al. 


-S247- 


*d  =  i (8) 

and  the  only  nonzero  elements  of  <r ij  are  written  as 


&xx  —  Vyy  —  <  -Pi  ^ 

&xy  ~  ®yx  — ^  p2  ^ 
<r*2  =  <  P3  >=  ne/i 


where 


<  P  >= 


37T2P 


[■ ■■•(-*) 


(9) 


The  longitudinal  conductivity  is  just  cr**  in  zero  mag¬ 
netic  field,  and  the  Hall  coefficient  and  Hall  scattering 
factor  are  given  as 


Rh 

th 


_ cryx _ 

+  °lx) 

— neRu 


(10) 

(11) 


with 


In  this  analysis,  seven  different  scattering  mechanisms 
due  to  polar  optical  phonon,  acoustic-mode  deformation 
and  piezoelectric  potentials,  ionized  and  neutral  impuri¬ 
ties,  space  charge,  and  dislocation  are  taken  into  account. 

Due  to  the  possible  impurity-band  conduction  at  low 
temperature  [2,3,10,11],  the  theoretical  fits  to  the  ex¬ 
perimental  data  began  at  high  temperature  range.  The 
compensating  acceptor  density  Na>  the  effective  space  | 


TOO 


Fig.  5.  The  Rh  and  hh  variations  fitted  by  theoretical  cal¬ 
culations  of  one-band  ( fis )  and  two-band  models  (pr),  respec¬ 
tively. 


charge  cross-section  NSQS)  and  the  dislocation  density 
Nd  is  were  assumed  as  unknowns  in  the  fits.  Except  for 
unintentionally  doped  epilayers  with  low  fin  value,  rea¬ 
sonable  fits  were  made  near  and  above  the  room  temper¬ 
ature  for  all  the  samples  in  the  work,  as  shown  in  Fig.  5. 
The  difference  between  theory  and  experiment  increases 
with  decreasing  temperature.  This  indicates  the  second 
band,  z.e.,  the  impurity  band,  is  involved  in  the  transport 
only  at  low  temperature.  In  this  case,  a  two-band  model 
may  be  written  as  [24] 


Rh  — 


ZjRjoj/i  l  +  g]^) 


{Ei  *i/(  1  +  +  {E;  R}<t]B/{  1  +  <r]R]B*)} 


(12) 


f*H  =  RH^2<7j  (13) 

j 

with 

Rj  =  rj  /  erij 

Gj  =  erijfij 

refj  =  RHeT,nj.  (14) 

In  the  two-band  analyses,  the  T  band  values  were  ex¬ 
trapolated  to  low  temperatures,  and  the  mobility  fid  and 
the  carrier  density  n<*  (unionized  impurity  density)  in 
the  impurity  band  were  adjusted  to  fit  the  experimen¬ 
tal  data  as  shown  in  Fig.  5.  Here  the  total  concentration 
nt  =  No  -Na  =  «r  +  nd  should  be  constant  throughout 
the  temperature  variation. 

IV.  RESULTS  AND  DISCUSSION 


Theoretical  fits  to  the  experimental  data  were  made 
within  ±7  %  over  the  whole  temperature  range;  obtained 
values  are  listed  in  Table  1.  The  high-frequency  dielectric 
constant  €qo  was  also  adjusted  to  obtain  the  best  fits  for 
all  the  samples,  and  the  value  is  5.2  which  is  in  good 
agreement  with  a  previously  reported  value,  5.5  [18]. 

1.  Doped  Samples 

The  Si  doped  samples  are  divided  into  two  groups  ac¬ 
cording  to  the  carrier  density;  one  is  with  3~6xl017 
cm-3  and  the  other  is  with  1~5  x  1018  cm-3  at  room  tem¬ 
perature.  In  these  samples  we  ignored  the  scattering  due 
to  dislocation,  and  thus  Na  and  NSQS  values  determined 
here  may  have  some  uncertainties.  However,  their  resul¬ 
tant  values  do  not  appear  unreasonable  and  this  will  be 
further  discussed  below.  The  space-charge  scattering  is, 
anyway,  negligible  in  heavily  doped  samples  [25].  In  Fig. 
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Fig.  6.  The  calculated  fir  and  fid  fitted  to  the  fin  variation 
with  temperature. 


6,  the  calculated  fir  and  fid  values  fitted  to  the  experi¬ 
mental  data  are  shown  with  the  fin  data.  Molnar  et  ai 
[2]  have  reported  the  two-band  analysis  without  detailed 
transport  calculation,  but  obtained  very  similar  results  to 
ours.  Their  results  show  a  two-band  effects  even  at  room 
temperature,  but  far  lower  value  of  fin  than  ours  is  no¬ 
ticed.  Look  and  Molnar  [3]  have  reported  a  two-layer  Hall 
model,  proving  a  degenerate  GaN/A^Oa  interface  layer. 
But  the  possibility  of  this  interface  layer  effects  may  be 
obviated  in  our  doped  samples.  Figure  7  shows  the  mea¬ 
sured  Hall  concentration  n n  (=l/Rfje)  along  with  the 
electron  densities  in  the  T  band,  rap,  and  impurity  band 
or  levels,  n^,  determined  in  this  analysis.  The  np  vs  1/T 
relation  gives  13  meV  of  activation  energy. 

As  will  be  discussed  below,  unintentionally  doped  epi- 
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Fig.  7.  The  calculated  np  and  nj  values  are  compared  with 
the  Hall  concentration  variation. 


layers  show  thickness- dependent  characteristics.  In  medi¬ 
um  doped  samples,  meanwhile,  the  thickness  was  varied 
from  2  to  8  fim  to  validate  the  thickness-dependency,  but 
no  such  phenomenon  was  observed. 


2.  Unintentionally  Doped  Samples 

As  shown  in  Fig.  2,  the  uh  and  fin  values  vary  sig¬ 
nificantly  with  the  growth  rate  of  the  buffer  layer.  Fur¬ 
thermore,  the  thickness-dependency  is  also  significant. 
For  example,  the  samples  AIX  193  and  AIX  204  were 
grown  with  the  same  conditions,  except  the  thickness. 
Thickness  change  from  1.4  to  5  fim  increased  the  fin  val¬ 
ue  from  538  to  670  cm2/V*sec.  The  fin  variations  with 
temperature  for  these  two  samples  and  the  other  grown 
at  different  condition  are  shown  in  Fig.  8.  Drift  mobil¬ 
ity  calculated  for  each  scattering  mechanism  to  fit  the 
sample  AIX  204  are  also  shown  in  the  figure. 

It  is  noticed  that  the  three  samples  show  parallel  vari¬ 
ation  with  temperature  above  ~250  K.  The  lattice  scat¬ 
tering  ( fiop+D+P  in  the  figure)  is  dominant  over  the  high 
temperature  range  and  thus  it  is  not  possible  to  make  fits 
for  the  two  other  samples  with  lower  mobility  by  adjust¬ 
ing  the  other  four  scattering  mechanisms,  as  can  be  seen 
in  Fig.  8.  The  only  way  out  of  this  difficulty  is  to  use  a 
two-band  model  even  at  the  high  temperatures.  Figure 
9  illustrates  a  typical  result  of  the  analysis,  and  three 
different  carrier  density  values  with  inverse  temperature 
are  shown  in  Fig.  10.  At  room  temperature,  nn  and 
fin  values  are  8.8xl016  cm"3  and  407  cm2/Vsec,  re¬ 
spectively.  In  the  T  band,  the  values  of  rip,  AT  and  fin p 
turned  out  to  be  4.1  xlO16  cm"3,  and  602  cm2/V  sec,  re¬ 
spectively.  The  no  and  fin  values  are  1.5xl017  cm"3 


T(K) 

Fig.  8.  The  fin  values  of  unintentionally  doped  samples. 
The  mobility  values  for  various  scattering  mechanisms  are 
those  for  sample  AIX  184. 
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Fig.  9.  The  calculated  fir  and  fid  values  to  fit  the  fijj  vari¬ 
ation  for  low-mobility  unintentionally  doped  samples. 
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Fig.  11.  Photoluminescence  measurements  at  300  K  for 
two  different  buffer  growth  rate;  80  //mol/min  (above):  20 
/zmol/min  (below). 
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Fig.  10.  The  calculated  nr  and  nd  variations  to  fit  the  uh 
data  for  the  sample  in  Fig.  9. 

and  100  cm2/V-sec,  respectively.  Considering  many  un¬ 
knowns  adopted  in  this  analyses,  the  determined  values 
may  have  considerable  errors  up  to  10  %.  But  this  anal¬ 
yses  are  regarded  as  a  good  evidence  of  the  impurity- 
band  involvement  even  at  high  temperatures,  unlike  the 
doped  samples.  This  result  indicates  that  the  samples 
with  low  fifj  may  have  higher  fir  and  lower  np  than  the 
sample  with  highest  fin  grown  at  optimum  condition  in 
Fig.  2.  Furthermore,  the  photoluminescence  spectra  at 
room  temperature  in  Fig.  11  seem  to  support  the  re¬ 
sult  obtained  above.  That  is,  the  sample  with  lowest  fin 
shows  narrower  full-width  at  half  maximum  (FWHM)  of 
the  near  band  edge  PL  than  that  of  the  sample  with  high¬ 
est  fin,  but  exhibits  much  higher  yellow-band  intensity. 


0  200  400  600 
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Fig.  12.  High-resolution  XRD  measurements  plotted  as  a 
function  of  the  Hall  mobility  for  unintentionally  doped  sam¬ 
ples. 

Figure  12  shows  the  FWHM  of  HRXRD  peaks  plot¬ 
ted  as  functions  of  the  Hall  mobility.  The  difference  be¬ 
tween  two  curves  is  regarded  to  be  related  with  the  edge 
threading  dislocations  [26].  The  dislocations  of  screw  and 
mixed  characters  are  relatively  unaffected  by  the  buffer 
layer  growth  rate.  Figure  12  illustrates  that  the  edge 
dislocations  seem  to  limit  the  electron  mobility.  In  facts, 
Tansley  and  Eagan  [5],  and  Weimann  et  al.  [9]  have  ex¬ 
plained  the  low-mobility  in  terms  of  scattering  due  to  the 
edge  dislocation.  To  certify  this,  we  made  a  fit  again  for 
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Fig.  13.  Calculated  mobility  values  for  various  scattering 
mechanisms  to  fit  the  experimental  data  with  NA  =  0. 


the  sample  AIX  184  by  setting  NA=0,  and  the  result  is 
given  in  Fig.  13.  The  same  fit  was  recovered,  but  the 
scattering  due  to  the  dislocation  is  not  enough  to  explain 
the  fin  data,  especially  at  room  temperature  where  the 
scatterings  by  lattice  and  space- charge  are  more  impor¬ 
tant.  And  thus  the  dislocation  scattering  cannot  explain 
the  temperature-dependent  fifj  along  with  the  room  tem¬ 
perature  value.  Rather,  the  impurity-band  conduction  is 
the  sole  origin  of  the  low  mobility  as  illustrated  in  Fig. 
9. 


3.  Impurity-Band  Conduction 

Impurity-band  conductions  and/or  near-interface  ef¬ 
fects  are  blurring  the  understanding  of  pure  electron 
properties  in  the  T  band.  The  impurities,  especially  oxy¬ 
gen,  emerging  from  sapphire  substrate  contaminate  the 
GaN  epilayers  during  the  growth  [27].  The  defective  near- 
interfacial  region  [8]  allows  the  impurities  to  incorporate 
more  readily  as  compared  to  the  more  perfect  region  (epi- 
layer).  This  may  cause  a  conductive  layer  near  the  sub¬ 
strate,  and  the  two-layer  model  has  been  proposed  [3]. 

In  the  GaN  films  grown  by  hydride  vapor  phase  epi¬ 
taxy,  Gotz  et  al.  [1]  have  measured  the  thickness- 
dependent  tih  and  fijj.  They  explained  the  experimental 
results  in  terms  of  highly  conductive  near-interface  lay¬ 
er  and  continuous  reduction  of  the  defect  density  with 
increasing  film  thickness  for  GaCl-pretreated  and  ZnO- 
pretreated  sapphires.  More  interestingly,  their  fin  vari¬ 
ation  with  temperature  above  ~300  K  shows  the  simi¬ 
lar  slope  for  all  the  samples  regardless  of  the  thickness 
variation,  which  is  the  case  in  our  unintentionally  doped 
samples. 

Even  though  the  experimental  data  of  unintentional¬ 


ly  doped  samples  except  AIX  204,  the  5  fim  thick  sam¬ 
ple  with  highest  //#,  are  satisfactorily  analyzed  over  the 
whole  temperature  range  using  a  two-band  model  includ¬ 
ing  the  impurity-band,  there  is  no  firm  evidence  from 
which  we  can  draw  a  conclusion  on  what  is  the  impurity- 
band.  Furthermore,  equations  of  Rh  and  cr  have  the 
same  forms  for  both  two-layer  and  two-band  models  [3]. 
Figure  12,  however,  indicates  that  the  edge  dislocation 
induces  the  reduction  of  the  Hall  mobility  and  the  in¬ 
crease  of  the  yellow  luminescence  as  shown  in  Fig.  11. 
Many  suggestions  regarding  gallium  vacancies  [28]  and 
edge  dislocation  lines  [29]  have  been  made  to  explain  the 
yellow  luminescence,  but  no  conclusive  proof  is  yet  avail¬ 
able.  Deep  levels  may  be  due  to  the  dislocations  and 
affect  the  characteristics  of  optoelectonic  devices  such  as 
leakage  current,  lifetime,  etc .  [30].  Our  results  seem  to 
support  that  the  dislocation  induces  the  impurity-band 
conduction  and  yellow  luminescence. 

Figure  14  exhibites  fid  vs  1/T  for  five  different  sam¬ 
ples.  As  the  impurity  density  increases,  the  transition 
from  thermally-activated-to-metallic  conduction  is  con¬ 
spicuous.  The  critical  impurity  concentration  for  metallic 
conduction  estimated  from  Nc  =  l/{127r(esa# m0/me)3} 
is  about  2x  1018  cm“3  in  GaN.  The  two  samples  SiGN-02 
and  SiGN-01  belong  to  metallic-conduction  in  Fig.  14. 
Except  the  unintentionally  doped  and  low  /iH  samples, 
AIX184,  the  impurity  conduction  is  exhibited  only  tem¬ 
peratures  lower  than  around  300  K.  The  apparent  con¬ 
duction  between  impurity  states  may  involve  the  near¬ 
interface  effects  in  unintentionally  doped  samples.  Dif¬ 
ferential  Hall  effect  measurements  [31]  should  be  made 
to  depict  the  respective  contribution  of  the  two  possible 
mechanisms. 

The  edge  dislocation  has  two  dangling  bonds  and  thus 
may  act  as  compensating  acceptor  centers  in  pure  n-type 
samples,  meanwhile,  as  compensating  donors  in  p-type 


Fig.  14.  The  impurity-band  mobility  variations  with  tem¬ 
peratures. 
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samples.  When  compensating  the  acceptors,  the  charged 
dislocation  states  would  be  reduced,  and  thus  ionized  im¬ 
purity  and  dislocation  scatterings  will  be  reduced  in  p- 
type  samples  with  dislocations.  Furthermore,  the  yellow 
luminescence  related  with  dislocation  would  be  reduced 
in  p-type  GaN. 

4.  Hall  Scattering  Factor 


Fig.  15.  The  Hall  scattering  factor  variations  with  temper¬ 
ature. 


ND(cm  3) 

Fig.  16.  The  shallow  level  activation  energyvalues  plotted 
as  a  function  of  donor  density. 
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Hall  scattering  factor  r  is  usually  assumed  to  be  unity 
to  estimate  the  carrier  density  from  n  =  r/ffee.  Ac¬ 
tually  this  estimation  gives  the  Hall  carrier  density, 
rather  than  carrier  density  and  the  tin  vs  T  curves  may 
be  misleading  especially  when  moTe  than  one  band  is  in¬ 
volved  as  in  the  present  case  of  GaN  samples.  Look  et 
al  [32]  have  calculated  the  rp  value  to  obtain  the  np  vs 
1/T  relation  for  GaN  and  showed  it  varies  from  1.22  to 
1.42  in  a  temperature  range  of  77~300  K. 

Figure  15  shows  typical  variations  of  r  with  tempera¬ 
ture  for  two  different  values,  which  were  used  in  calculat¬ 
ing  np  and  np-f  rid  in  Fig.  10.  Thus  obtained  nr  vs  1/T 
relation  gives  the  activation  energy  of  shallow  donors,  as 
collected  in  Fig.  16.  The  large  value  of  re//  is  due  to  the 
two-band  conduction. 

V.  SUMMARY 

The  growth  rate  of  GaN  buffer  layer  turned  out  to  be 
one  of  the  crucial  parameters  to  control  the  GaN  epilay- 
er  quality.  The  edge  dislocation  density  decreases  with 
increasing  buffer  growth  rate  up  to  the  optimum  val¬ 
ue  in  unintentionally  doped  samples.  The  Hall  mobili¬ 
ty  decreases  with  increasing  dislocation  density.  This  is 
not  due  to  the  scattering  by  dislocation,  but  due  to  the 
impurity-band  conduction  involvement  induced  by  the 
dislocations  in  those  samples.  Details  of  impurity-band 
(and/or  -state)  are  not  clear  and  remain  to  further  study. 
However,  the  near- interface  may  be  ascribed,  at  least  in 
part,  to  the  impurity-band  conduction  in  unintentional¬ 
ly  doped  samples.  The  thickness-dependency  of  epilayer 
properties  is  not  observed  in  doped  samples,  supporting 
negligible  near-interface  effects  in  this  case. 
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Density  functional  calculations  are  used  to  predict  the  electronic  structures  of  GaN  nanotubes. 
The  graphitic  GaN  is  an  indirect  band  gap  material  with  valence  band  maximum  at  K  edge.  Zigzag 
nanotube  is  a  semiconductor  with  direct  band  gap,  whereas  armchair  nanotube  has  an  indirect  band 
gap  along  the  tube  axis.  The  band  gaps  decrease  with  the  decreasing  diameter,  contrary  to  the  case 
of  carbon  nanotubes. 


I.  INTRODUCTION 

Carbon  nanotubes  have  been  synthesized  during  the 
formation  of  fullerenes  using  arc  discharge  of  graphite 
rods  [1].  Recently  single-wall  carbon  nanotubes  have 
been  produced  with  high  yields  by  the  laser  vaporiza¬ 
tion  of  graphite  powders  mixed  with  small  amount  of 
transition  metals  [2-4].  Since  then,  researches  on  carbon 
nanotubes  have  been  activated.  The  physical  properties 
of  carbon  nanotubes  as  denoted  by  (n,  m)  are  correlat¬ 
ed  with  their  diverse  phases.  Armchair  ( n ,  n )  carbon 
nanotubes  are  metallic  [5,6],  while  zigzag  (n,  0)  carbon 
nanotubes  are  semiconductors  with  a  finite  band  gap  ex¬ 
cept  the  case  of  n  —  m  =  3k  ( k :  integer)  which  is  a  small 
band  gap  semiconductor  [7].  Energy  gap  can  be  con¬ 
trolled  by  varying  the  diameter,  thus  allowing  band  gap 
engineering  [5,8].  Strong  electron  field  emission  from  car¬ 
bon  nanotubes  have  been  observed,  suggesting  the  appli¬ 
cability  to  flat  panel  displays  [9,10].  Despite  such  efforts, 
applications  of  carbon  nanotubes  to  memory  devices  and 
quantum  transport  devices  are  still  challenging. 

Efficient  blue  light-emitting  diodes  have  been  realized 
with  GaN  materials,  making  its  application  to  full  color 
displays  promising  [11].  In  addition,  GaN  exhibits  con¬ 
siderable  hardness,  high  thermal  conductivity,  and  little 
radiation  damage,  suggesting  the  applicability  to  high 
power  and  high  temperature  microelectronic  devices.  Al¬ 
though  InrGai_rN  has  been  tried  for  band  gap  engineer¬ 
ing  by  varying  In  composition,  it  is  still  difficult  to  grow 
and  control  high  In  compositions  due  to  the  strain  be- 

*To  whom  correspondence  should  be  addressed 


tween  InGaN  and  substrate  [12].  Therefore,  a  new  form 
of  GaN  structure  is  always  desirable  if  possible. 

In  this  report,  we  propose  a  new  phase  of  GaN,  a 
nanotube,  using  a  density  functional  (DF)  calculations. 
We  will  show  that  GaN  nanotubes  are  as  stable  as  car¬ 
bon  nanotubes  and  can  be  synthesized  under  some  ex¬ 
treme  conditions.  Pure  boron-nitride  and  boron-carbon- 
nitride  nanotubes  have  been  successfully  produced  by 
arc-discharge  [13,14].  The  existence  of  BN-nanotubes 
suggests  the  possibility  of  other  nitride  nanotube  syn¬ 
thesis  such  as  CN  and  GaN.  The  present  calculations 
show  that  the  strain  energy  costs  to  wrap  up  graphitic 
GaN  sheets  into  nanotubes  are  comparable  with  those  of 
carbon  nanotubes,  ensuring  again  the  possibility  of  GaN 
nanotube  formation.  Yet,  the  initial  nucleation  seeds  for 
GaN  nanotube  formation  will  play  a  crucial  role.  The 
idea  of  using  carbon  nanotubes  as  a  nucleation  seed  will 
be  discussed  in  conjunction  with  edge  energies  in  this  re¬ 
port.  Band  structures  reveal  that  GaN  zigzag  nanotubes 
is  a  semiconductor  with  a  direct  band  gap,  whereas  arm¬ 
chair  nanotubes  have  an  indirect  band  gap.  The  energy 
gap  of  GaN  zigzag  nanotubes  decreases  with  the  decreas¬ 
ing  tube  diameter,  whereas  that  of  GaN  armchair  nan¬ 
otubes  is  almost  constant  over  a  wide  range  of  the  diam¬ 
eter,  which  is  contrary  to  the  case  of  carbon  nanotubes. 

II.  THEORETICAL  APPROACHES 

Here  we  investigate  the  stability  and  electronic  struc¬ 
tures  of  GaN  nanotubes  and  further  discuss  possible 
ways  of  synthesis.  For  our  calculations  we  use  a  plane- 
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wave  basis  DF  calculations  within  the  local-density- 
approximation  (LDA)  [15]  and  the  SCC-DFTB  code 
(a  self-consistent  charge  density-functional-based  tight 
binding  method).  In  the  LDA  calculations,  the  ion¬ 
ic  potentials  are  described  by  a  norm- conserving  nonlo¬ 
cal  pseudopotential  generated  by  Troullier-Martins  [16] 
in  a  separable  form  of  Kleinman  and  Bylander  [17]. 
Exchange-correlation  functions  parameterized  by  the 
Perdew-Zunger  scheme  [18]  are  used.  The  energy  was 
converged  to  0.2  x  10”4  eV/atom. 

The  SCC-DFTB  method  uses  a  basis  of  numerically 
obtained  s,  p,  and  d  atomic  orbitals.  Hamiltonian  overlap 
matrix  elements  are  evaluated  by  two- center  approach. 
Charge  transfer  is  taken  into  account  through  the  incor¬ 
poration  of  a  self-consistency  scheme  for  Mulliken  charges 
based  on  the  second-order  expansion  of  the  Kohn-Sham 
energy  in  terms  of  charge  density  fluctuations.  The  di¬ 
agonal  elements  of  the  Hamiltonian  matrix  employed  are 
then  modified  by  the  charge-dependent  contributions  in 
order  to  describe  the  change  in  the  atomic  potentials  due 
to  the  charge  transfer.  The  off-diagonal  elements  have 
additional  charge-dependent  terms  due  to  the  Coulomb 
potential  of  ions.  They  decay  as  1/r  and  thus  account 
for  the  Madelung  energy  of  the  system.  The  s,  p,  and 
d  orbitals  in  the  Ga  atoms  and  s  and  p  in  the  N  atoms 
are  included  in  the  calculations.  Further  details  of  the 
SCC-DFTB  method  have  been  published  elsewhere  [19]. 


III.  RESULTS  AND  DISCUSSION 

Various  GaN  crystal  phases  exist  under  different  ex¬ 
perimental  growth  conditions  [12].  The  Wurtzite  phase  is 
the  thermodynamically  stable  structure  at  ambient  con¬ 
ditions,  whereas  the  zincblende  (ZB)  phase  (Fig.  1(a)) 
can  be  stabilized  on  various  cubic  substrates  [20,21].  The 
rocksalt  phase  can  be  induced  at  high  .pressures  [22]. 
We  first  calculate  the  total  binding  energies  of  ZB  and 
graphitic  phases  using  SCC-DFTB  in  order  to  study  the 
relative  stabilities.  We  choose  a  cubic  supercell  of  216 
atoms  for  ZB  GaN  and  200  atoms  for  the  graphitic  GaN 
(Fig.  1(b)).  Periodic  boundary  conditions  are  applied 
along  the  x-,  y-,  and  ^-directions.  For  the  graphitic 
phase,  a  large  vacuum  region  above  the  graphitic  sheets 
is  included. 

Figure  2  shows  total  binding-energy  curves  obtained 
by  the  SCC-DFTB  calculations.  The  binding  energy  of 
the  ZB  GaN  is  —5.91  eV/atom  with  the  nearest  neigh¬ 
bor  distance  of  1.950  A,  or  equivalently  the  cubic  lattice 
constant  of  4.503  A.  The  calculated  bulk  modulus  is  195 
GPa,  in  good  agreement  with  the  reported  LDA  result 
[23].  A  considerable  amount  of  electron  charge  (0.56  e) 
is  transferred  from  Ga  to  N,  resulting  in  an  ionic  bond¬ 
ing  nature.  N  loses  some  s  electrons  and  gains  more  p 
electrons,  whereas  Ga  loses  more  p  electrons  than  s  elec¬ 
trons.  The  binding  energy  of  the  graphitic  GaN  is  -5.55 
eV/atom  with  the  nearest  neighbor  distance  of  1.775  A, 


(a)  zincblende 


(b)  graphitic 


(c)  armchair  (5,5)  (d)  zigzag  (9,0) 


Fig.  1.  Typical  types  of  GaN  nanotubes;  Various  phases 
of  GaN:  (a)  Zincblende,  (b)  graphitic  sheet,  (c)  (5,5)  arm¬ 
chair  nanotube,  and  (d)  (9,0)  zigzag  nanotube.  Dark-grey 
and  light-grey  spheres  indicate  Ga  atom  and  N  atom,  respec¬ 
tively. 


Fig.  2.  Total  energy  curves  of  cubic  and  graphitic  GaNs 
as  a  function  of  nearest  neighbor  distance,  calculated  by  the 
SCC-DFTB  method.  The  equilibrium  distance  is  1.95  A  for 
ZB  and  1.775  A  in  graphitic  sheet.  The  curves  are  fitted  by 
the  cubic-spline  method. 


smaller  than  that  of  the  ZB  GaN.  The  charge  transfer  in 
graphitic  GaN  from  Ga  atom  to  N  atom  is  0.46  e,  a  lit¬ 
tle  smaller  than  that  of  the  ZB  GaN.  The  Ga  atom  loses 
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(a)  Zincblende 

Band  DOS 


(b)  Graphitic  GaN 


Band  DOS 


Fig.  3.  Band  structures  and  the  density  of  states  of  (a) 
zincblende  and  (b)  graphitic  GaN.  Brillouin  zones  with  sym¬ 
metric  points  are  shown  together. 


more  pz  in  the  case  of  graphitic  GaN  than  that  in  the 
case  of  the  ZB  GaN,  whereas  N  gains  more  pz  electrons, 
enhancing  7 r  bonds  above  the  plane.  This  difference  in 
the  binding  energy  suggests  the  graphitic  GaN  to  be  ener¬ 
getically  unfavorable  over  the  ZB  GaN  or  wurtzite  GaN. 
Yet  this  small  magnitude  opens  the  possibility  of  forming 
graphitic  sheets  as  a  metastable  phase.  The  calculated 
strain  energies  of  GaN  nanotubes  are  comparable  to  those 
of  carbon  nanotubes  [24] ,  again  ensuring  the  possibility 
of  GaN  nanotubes  formation. 

Figure  3  shows  the  band  structures  and  density  of 
states  (DOS)  of  cubic  GaN  and  graphitic  GaN  calculated 
by  the  DFT-LDA  method.  We  used  28  special  Appoints 
for  cubic  GaN  and  for  graphitic  GaN  in  the  irreducible 
Brillouin  zone  as  implemented  by  Monkhorst  and  Pack 
[25].  The  kinetic  energy  cutoff  for  the  plane-wave  ex¬ 
pansion  of  wavefunctions  is  18  Ry.  The  band  structure 
for  cubic  GaN  shows  a  direct  band  gap,  in  good  agree¬ 
ment  with  the  previous  first  principles  calculations  [23]. 
Heavy  hole  and  light  hole  bands  are  degenerate  at  T  point 
in  zincblende  phase.  Strong  s,  p  hybridization  occurs  in 
Ga  atoms,  whereas  large  s,  p  splitting  occurs  in  N  atoms, 
z.e.,  p  contributes  mostly  to  the  top  valence  band  from 
0  to  6  eV  and  s  mostly  contributes  to  the  deep  band 
below  12  eV,  in  excellent  agreements  with  previous  cal¬ 
culations  [26].  We  tested  the  convergence  for  the  kinetic 
energy  cutoff  and  fc-point  samplings.  The  changes  in  the 
band  structure  with  more  Ar-point  samplings  were  neg¬ 
ligible.  The  band  gap  of  cub)c  phase  is  2.35  eV.  With 
larger  kinetic  energy  cutoff  of  29  Ry,  the  energy  gap  of 
cubic  GaN  saturated  to  2.6  eV  but  no  significant  changes 


in  the  shape  of  the  band  structure  were  found.  It  is  well 
known  that  the  LDA  underestimates  the  band  gap.  Bet¬ 
ter  calculations  using  the  GW  approximation  will  simply 
enlarge  the  band  gap  for  most  wide  band  gap  materials 
[27].  Graphitic  GaN  is  also  a  semiconductor  with  an 
indirect  band  gap  where  the  valence  band  maximum  is 
located  at  H  edge,  as  shown  in  Fig.  3(b).  The  indirect 
band  gap  is  2.78  eV,  slightly  larger  than  that  of  the  cu¬ 
bic  phase,  and  the  direct  band  gap  is  3.49  eV.  This  can 
be  understood  by  the  Coulomb  repulsion  between  the  in¬ 
creased  7 r  electrons  at  N  sites  above  the  plane. 

Wrapping  the  graphitic  sheet  into  nanotube  will  re¬ 
quire  an  extra  strain  energy.  The  previous  calculations 
show  that  this  strain  energy  in  forming  GaN  nanotubes  is 
comparable  to  that  of  carbon  nanotubes,  suggesting  the 
existence  of  the  GaN  as  a  form  of  nanotubes  [24,28].  Fig¬ 
ure  l(c)-(d)  shows  armchair  (5,5)  and  zigzag  (9,0)  GaN 
nanotubes.  Shown  in  Fig.  4  are  the  respective  band 
structures  along  the  tube  axis.  Here  we  follow  the  nota¬ 
tion  of  GaN  nanotubes  similar  to  the  notation  employed 
for  carbon  nanotubes.  There  are  two  inequivalent  atoms 
in  the  primitive  cell  of  GaN  system.  We  choose  (5,5) 
armchair  nanotube  with  two  layers  (20  atoms)  and  (9,0) 
zigzag  nanotube  with  four  layers  (36  atoms).  The  re¬ 
spective  diameters  are  8.47  and  8.81  A.  The  intertube 
distance  is  4.5  A.  The  band  dispersion  at  this  vacuum 
separation  arising  from  tube  interactions  was  found  to 
be  negligible.  It  is  very  interesting  to  see  the  differences 
in  the  band  structures  of  armchair  and  zigzag  nanotubes. 
Zigzag  nanotubes  have  a  direct  band  gap,  whereas  arm¬ 
chair  nanotubes  have  an  indirect  band  gap.  The  respec¬ 
tive  band  gaps  of  (5,5)  and  (9,0)  nanotubes  are  2.15  and 
2.16  eV.  The  changes  in  the  band  structures  with  more 
Appoint  samplings  (16  Appoints)  were  negligible.  The  va- 
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(b)  (9,0)  zigzag 
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Fig.  4.  Band  structures  along  the  tube  axis  and  the  cor¬ 
responding  density  of  states  of  (a)  (5,5)  GaN  armchair  nan¬ 
otube  and  (b)  (9,0)  GaN  zigzag  nanotube.  Y(Z)  band  edge 
corresponds  to  the  symmetric  point  (0  0  1/2)  27r /a  in  the 
armchair  nanotube  (zigzag  nanotube).  The  lattice  constants 
along  tube  axis  are  a  =  3.075  and  5.325  A  for  armchair  and 
zigzag  nanotubes,  respectively. 
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Fig.  5.  Band  gaps  of  GaN  armchair  and  zigzag  nanotubes 
as  a  function  of  the  diameter  using  the  SCC-DFTB  and  the 
LDA  method.  The  open  circles  and  open  triangles  are  from 
the  SCC-DFTB.  The  LDA  results  (filled  circles  and  filled  tri¬ 
angles)  after  scissors  operation  by  comparing  the  band  gap 
of  cubic  phase  from  the  LDA  with  that  of  experimental  value 
are  shown.  The  energy  gap  of  carbon  zigzag  nanotubes  (open 
diamonds)  are  also  shown  for  comparison.  The  bottom  curve 
shows  the  energy  gap  in  the  case  of  n  —  m  =  3fc,  where  k  is  an 
integer.  Two  characteristic  energy  gaps  are  shown  in  carbon 
nanotubes  as  shown  in  the  next  curves. 

lence  band  maximum  of  the  armchair  nanotube  is  located 
in  the  middle  of  the  T-Y.  The  electronic  density  of  states 
of  both  nanotubes  are  similar  to  each  other. 

In  order  to  investigate  the  diameter  dependence  of  the 
band  gap,  we  performed  the  SCC-DFTB  calculations  for 
GaN  nanotubes  of.different  diameters.  The  relaxational 
changes  in  the  atomic  configurations  were  negligible  and 
no  buckling  was  observed,  in  contrast  to  BN-nanotubes 
[29].  The  band  gap  changes  slightly  with  the  nanotube 
length.  Therefore  we  fix  the  length  of  the  nanotubes  to 
22  layers.  We  estimate  the  convergence  of  the  energy  gap 
dependence  on  the  length  of  the  nanotubes  to  be  within 
0.05  eV.  Figure  5  shows  the  band  gap  for  armchair  and 
zigzag  nanotubes.  Unlike  the  alternating  energy  gap  of 
carbon  zigzag  nanotubes  (diamond  shape)  [24],  the  band 
gaps  of  GaN  nanotubes  decrease  monotonically  with  the 
decreasing  diameter.  The  energy  gap  of  (n,  n)  GaN  nan¬ 
otubes  decrease  slightly  with  decreasing  the  diameter, 
whereas  that  of  (n,  0)  GaN  nanotubes  decreases  signif¬ 
icantly  with  the  decreasing  diameter.  The  energy  gap 
converges  to  the  value  of  the  graphitic  sheet  at  large  di¬ 
ameter.  This  decrease  of  the  band  gap  simply  reflects 
the  ionic  bonding  character,  i.e.  s  and  p  bands  local¬ 
ized  to  Ga  and  N  respectively  are  well  separated  [26]. 
Wrapping  of  the  graphitic  sheet  to  tubes  enhances  the 
rehybridization  more  seriously  in  zigzag  nanotubes  than 
in  armchair  nanotubes  as  the  diameter  decreases.  More 
p  states  near  the  valence  band  edge  and  more  s  states 
near  the  conduction  band  edge  are  developed  at  smaller 
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Table  1.  The  values  of  effective  mass  for  several  GaN  phas¬ 
es;  zincblende,  graphitic,  and  tube.  The  values  in  parentheses 
in  zincblende  are  from  Ref.  12.  The  terms,  m*,  m*h, 

and  denote  the  electron,  heavy  hole,  light  hole,  and 

(spin-orbit)  split-off  hole  masses,  respectively. 


Structure 

direction 

m*/m0 

mhh/m  o 

m*h/m0 

Zincblende 

r-x 

0.17 

1.09 

1.09 

0.17 

(0.17) 

(0.86) 

(0.86) 

(0.17) 

r-K 

0.33 

9.54 

1.06 

0.15 

(0.17) 

(>  2) 

(0.84) 

(0.15) 

r-L 

0.18 

3.53 

3.53 

0.18 

(0.18) 

(1.74) 

(1.74) 

(0.15) 

Graphitic 

r-M 

r-K 

0.08 

0.45 

0.43 

1.13 

0.05 

0.17 

Tube 

(3,3) 

r-Y 

0.29 

0.91  (Y) 

1.27  (r) 

(4.4) 

r-Y 

0.27 

0.97  (Y) 

1.72  (r) 

(5,5) 

r-Y 

0.16 

0.98  (Y) 

2.01  (r) 

(5,0) 

r-z 

0.31 

3.07 

(6,0) 

r-z 

0.40 

1.60 

(9,0) 

r-z 

0.43 

1.10 

diameter  of  zigzag  nanotubes,  as  can  be  seen  from  the 
density  of  states  of  tubes  in  different  diameters  [24]. 

Our  plane-wave  DFT-LDA  calculations  give  a  energy 
gap  of  2.35  eV  for  the  cubic  phase  [30],  underestimating 
the  experimental  value  of  3.52  eV  [21]  by  1.17  eV.  The 
energy  gap  of  the  cubic  GaN  from  the  LDA  in  our  calcu¬ 
lations  is  2.35  eV  [31],  underestimating  the  experimental 
value  of  3.52  eV  [21]  by  1.17  eV.  It  is  well  known  that 
the  LDA  approach  underestimates  the  band  gap.  More 
sophisticated  calculations  using  GW  approximation  re¬ 
produces  the  experimental  band  gap  more  correctly.  For 
most  semiconductors,  the  scissors  operation,  simply  shift¬ 
ing  the  band  gap,  can  be  applied  to  predict  correct  band 
gap  [32,33].  One  may  estimate  approximate  band  gap 
in  the  GaN  nanotubes  at  infinite  diameter.  Values  of 
the  band  gap  with  correction  from  the  LDA  calculations 
are  also  shown  in  Fig.  5.  The  band  gap  of  graphitic 
sheet  is  2.78  eV.  The  scissors  operation  [32,33]  gives  the 
corrected  band  gap  of  nanotubes  at  infinite  diameter  (or 
equivalently  graphitic  sheet)  of  approximately  3.95  eV. 
We  note  that  energy  gaps  can  be  tailored  by  varying  the 
diameter.  This  suggests  that  ultimate  nanoscale  full  col¬ 
or  displays  can  be  realized  using  GaN  nanotubes. 

We  also  calculate  effective  masses  of  several  GaN  phas¬ 
es,  as  shown  in  Table  1.  Our  calculations  for  zincblende 
phase  show  good  agreement  with  the  previous  first  prin¬ 
ciples  calculations  except  electron  effective  mass  at  K 
edge  and  hole  effective  mass  at  L  edge  [12].  Relatively 
large  errors  exist  in  evaluating  the  heavy-hole  effective 
masses  due  to  the  ambiguity  of  determining  the  range  of 
wave  vectors  which  are  valid  within  the  effective  mass  ap- 
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proximation.  The  electron  effective  masses  decrease  with 
increasing  diameter  in  armchair  tubes,  whereas  they  in¬ 
crease  with  increasing  diameters  in  zigzag  tubes.  On  the 
other  hand,  the  hole  effective  masses  behave  completely 
in  opposite  way,  i.e.,  the  hole  effective  masses  increase 
with  increasing  diameters  in  armchair  tubes,  whereas 
they  decrease  with  increasing  diameters  in  zigzag  tubes. 

IV.  SUMMARY 

We  have  performed  density-functional  calculations  to 
investigate  electronic  structures  of  GaN  nanotubes.  The 
calculations  for  the  total  energy  reveal  that  GaN  nan¬ 
otubes  are  stable  and  may  be  formed  under  some  extreme 
conditions.  The  energy  gap  decreases  with  the  decreasing 
diameter,  enabling  band  gap  engineering.  The  estimat¬ 
ed  band  gap  of  the  GaN  nanotubes  at  infinite  diameter 
is  approximately  3.95  eV,  which  is  0.43  eV  larger  than 
that  of  cubic  GaN  phase.  This  strongly  suggests  that 
ultimate  nanoscale  optoelectronic  devices  for  full  color 
displays  may  be  realized  with  sophisticated  modern  syn¬ 
thesis  techniques.  The  effective  masses  of  several  GaN 
phases  are  also  calculated. 
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The  process  of  polytype  formation  in  silicon  carbide  has  been  studied  under  identical  conditions 
excluding  the  influence  of  temperature,  impurity  and  pressure.  Fundamental  research  of  SiC  film 
growth  by  modified  Lely  process,  by  CVD,  by  PECVD  and  phase  transformation  show  that  the 
stoichiometric  violation  influences  considerably  on  the  formation  of  poly  types.  The  prevalence  or 
availability  of  Si  always  promotes  the  formation  and  growth  of  cubic  SiC. 


I.  INTRODUCTION 

Silicon  carbide  is  an  excellent  semiconductor  materi¬ 
al  for  high  power,  high  frequency,  and  high  temperature 
devices.  However,  the  reason  for  the  occurrence  of  many 
different  polytypes  and  the  process  of  formation  of  each 
polytype  as  well  as  the  conditions  for  the  transforma¬ 
tion  between  them  have  not  been  understood  yet.  More 
than  250  poly  types  is  known  to  exist.  The  only  one  cu¬ 
bic  structure  is  known  as  f3- SiC  or  3C-SiC.  The  hexago¬ 
nal  wurtzite  bonding  in  combination  with  the  cubic  zinc 
blende  forms  the  hexagonal  and  rhombohedral  silicon 
carbide  structures  known  as  a-SiC  (6H-SiC  is  most  well 
known).  How  can  we  control  polytype  growth?  What  is 
the  reason  for  polytype  formation?  Some  authors  think 
that  the  presence  of  impurity  influences  the  polytype  for¬ 
mation.  Others  think  that  pressure,  speed  of  growth,  or 
temperature  influence  the  polytype  formation  [1-3]. 

We  have  made  the  experiments  in  order  to  study  the 
process  of  polytype  formation  under  identical  conditions 
after  excluding  the  influence  of  temperature,  impurity 
and  pressure. 

II.  EXPERIMENT 

The  sublimation  Lely  [4]  method  and  Tairov  [5] 
method  are  used  for  manufacturing  large  bulk  silicon  car¬ 
bide  single  crystals  today.  As  the  first  step,  we  studied 
epilayers  because  it  is  not  necessary  to  have  thick  bulk 
crystal  for  SiC  based  devices  and  epilayers  with  thickness 
about  20—30  /im  are  more  than  enough  for  this  research. 
Two  main  conditions  are  necessary  for  the  growth  of  SiC 
films  with  quality  very  close  to  that  of  single  crystal. 
The  first  is  the  presence  of  temperature  gradient  for  mass 


transportation.  The  second  is  the  presence  of  SiC  vapor. 

In  order  to  realize  these  conditions,  a  high  temperature 
vacuum  apparatus  has  been  designed.  The  temperature 
range  of  1870—2270  K  needed  for  the  epitaxial  growth 
could  be  achieved  by  a  resistively  heated  furnace.  The 
growth  crucible  was  made  from  vacuum-tight  graphite 
(Fig.  1(a),  part  6)  and  consists  of  susceptors  made  from 
graphite  (part  4)  coated  with  SiC,  polycrystalline  SiC 
shelves  (part  2),  and  poly  crystalline  SiC  powder  (part 
1)  obtained  by  Achesson’s  method  (source  material).  At 
high  temperature  the  source  material  diffused  through 
the  crucible  to  the  surface  of  SiC  substrate  (part  5)  which 
has  lower  temperature  in  comparison  with  the  source  ma¬ 
terial.  Films  were  grown  at  temperatures  of  1870—2270 


Fig.  1.  Schematic  design  of  the  growth  crucible,  (a)  1.  SiC 
powder,  2.  SiC  shelves,  3.  SiC  cover,  4.  Graphite  coating,  5. 
SiC  substrate,  6.  Vacuum-tight  graphite,  (b)  Distribution  of 
temperature  along  the  crucible. 
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Fig.  2.  Distribution  of  Si2C,  SiC2,  Si  and  SiC  partial  pres¬ 
sures  along  the  crucible. 


K  at  pressure  of  about  1.13xl0"3  Pa.  Shelves  have  a 
shape  that  allows  obtaining  temperature  gradient  along 
substrates  surface.  Different  temperatures  on  the  same 
substrate  in  the  same  conditions  allowed  investigation  of 
the  process  of  crystal  growth  on  one  substrate  beginning 
from  the  initial  stage  of  the  film  formation.  Film  struc¬ 
ture  was  examined  by  electron  diffraction  on  the  initial 
growth  surface.  Electron  diffraction  analysis  shows  that 
if  conditions  are  suitable  for  film  growth,  SiC  films  are 
single  crystalline. 

Film  structure  strongly  depends  on  the  Si  vapor.  On 
Fig.  2(a),  (b),  and  (c),  the  dependence  of  vapor  pressures 
along  the  length  of  the  crucible  are  shown  for  3C-SiC  epi- 
layers.  Presence  of  Si  stimulated  formation  and  growth 
of  cubic  phase  of  SiC. 

Defects  had  been  studied  by  transmission  electron  mi¬ 
croscopy  after  thinning  using  Ar  ion  beam.  For  a  more 
precise  thinning  of  specified  spots  of  the  samples,  a  foil 
edge  thinning  technique  was  used.  On  Fig.  3(a),  a  typical 
interface  defect  is  shown— thin  layer  of  two  different  poly¬ 
types  parallel  to  the  surface,  which  are  6H-SiC  and  3C- 
SiC,  respectively.  Thickness  of  these  layers  range  from  a 
few  hundred  angstroms  to  several  micrometers  depending 
on  the  condition  of  growth.  Two  types  of  dislocation  are 
found  on  the  film-substrate  boundary-dislocations  that 
are  parallel  to  the  interface  and  dislocations  that  are  per¬ 


Fig.  3.  Micrograph  of  the  foil  from  SiC-SiC  interface  inter¬ 
face  with  6H-  and  3C-SiC  epitaxial  layers  at  5000X. 


Fig.  4.  Surface  of  etched  6H-SiC  crystal  with  traces  of 
evaporation  X300. 


pendicular  to  the  interface.  Density  of  these  dislocations 
near  the  substrate  is  about  10s  cm"2  and  decreases  when 
thickness  is  increased.  Investigation  of  the  intermediate 
layer  between  6H  substrate  and  the  3C  film  shows  that 
there  exist  many  multi-layer  structures.  So,  we  investi¬ 
gated  film  growth  very  carefully  and  discovered  that  Si 
presence  is  responsible  for  3C-SiC  single  crystalline  film 
growth. 

For  more  experiments,  we  etched  6H-SiC  crystal  and 
deposited  SiC  films  on  this  surface.  Fig.  4  shows  the 
surface  SEM  micrograph  of  6H-SIC  crystal  with  traces 
of  evaporation.  Optical  micrograph  of  the  nucleus  for¬ 
mation  is  shown  in  Fig.  5.  The  advantage  of  color  op¬ 
tical  micrographs  permits  clear  demonstration  and  easy 
identification  of  SiC  polytypes-green  for  the  hexagonal 
structure  and  yellow  for  the  cubic  structure.  The  ratio 
of  Si  to  C  is  broken  inside  the  etched  holes  because  of 
Si  evaporation.  Only  a-SiC  crystallites  are  formed  in¬ 
side  the  etched  holes  where  the  supply  of  Si  atoms  is 
insufficient.  The  growth  of  the  3C-SiC  crystallites  are 
observed  only  on  the  edges  and  boundaries  of  the  etched 
holes,  where  liquid  phase  Si  is  present  in  the  initial  stage 
of  growth. 

For  better  understanding  of  this  process,  special  cru- 
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Fig.  5.  Optical  micrograph  of  nucleus  formation;  (a) 
3C-SiC  grown  at  the  edge  of  the  etched  hole  (b)  6H-SiC  grown 
inside  the  etched  hole. 


cible  has  been  built.  Heavily  nitrogen  doped  green  6H- 
SiC  crystals  were  annealed  at  1500—2500  K  temperature 
in  the  presence  of  Si  vapor  in  vacuum  crucible.  X-ray 
diffraction  analysis  of  annealed  crystal  shows  that  new 
poly  types  different  from  6H-SiC  appear.  Together  with 
6H-SiC  reflections,  reflections  from  polytypes  with  nc 
larger  than  30  (nc  is  the  number  of  bilayers  along  c-axis) 
and  from  3C-SiC  appear.  Crystal  structure  of  samples  af¬ 
ter  60  min  annealing  at  2180  K  was  completely  3C-SiC. 
Photoluminescence  spectra  of  6H-SiC  crystal  before  and 
after  annealing  are  shown  in  Fig.  6.  Curve  1  is  typical  of 
6H-SiC  photoluminescence.  Curve  3  is  typical  of  3C-SiC 
photoluminescence.  Photoluminescence  at  2.3— 2.5  eV  in 
curve  2  is  an  evidence  of  the  intermediate  phases  with 
some  stacking  defects. 

This  result  indicates  that  transformation  from  6H-  to 
3C-SiC  takes  place  and  is  going  on  with  the  appearance 
of  multylayer  structures.  This  result  confirms  previous 
results  that  Si  has  significant  influence  on  the  stabiliza- 


Fig.  6.  Photoluminescence  spectra  of  6H-SiC  before  and 
after  annealing. 


tion  of  3C-SiC  not  only  in  the  case  of  film  growth  but 
also  in  the  transformation  between  poly  types. 

As  the  next  step,  heavily  doped  6H-SiC  crystals  were 
annealed  in  the  presence  of  carbon  and  without  Si  in  va¬ 
por  phase.  After  annealing,  the  crystals  changed  color 
from  dark  green  to  colorless.  As  is  well  known,  the  green 
color  of  SiC  is  due  to  nitrogen  in  the  crystal  volume. 
The  colorlessness  of  the  annealed  crystals  shows  the  pos¬ 
sibility  of  cleaning  process  in  the  crystals.  Hall  effect 
measurement  was  made  at  77—1000  K.  After  annealing, 
the  crystals  were  n-type,  but  free  carrier  concentration 
has  decreased  from  1018~1019  cm"3  to  1015~1016  cm-3 
and  free  carrier  mobility  was  increased  from  40—60  to 
100-200  cm2/V-s. 

At  this  condition  Si  atoms  sublimate  from  surface. 
This  causes  Si  atoms  to  diffuse  from  volume  to  the  sur¬ 
face  resulting  in  Si  vacancies  in  the  bulk.  Some  6H-SiC 
was  transformed  to  4H-SiC  and  even  to  2H-SiC  after  an¬ 
nealing  in  the  absence  of  Si  and  SiC  vapor.  This  result 
is  consistent  with  the  result  from  the  investigation  of  the 
initial  stage  of  SiC  crystal  growth.  Fundamental  research 
of  SiC  on  Si  grown  by  CVD  and  PECVD  methods  show 
that  only  3C-SiC  polytipes  are  grown  on  Si  substrate  [6]. 

III.  CONCLUSIONS 

The  set  of  received  results  show  that  stoichiometry  has 
a  considerable  influence  on  the  formation  of  SiC  poly¬ 
types.  The  prevalence  or  availability  of  Si  vapor  always 
promotes  the  formation  of  3C-SiC  while  the  absence  of 
Si  vapor  promotes  the  formation  of  6H-SiC.  The  change 
of  vacancy  concentration  in  the  underlattice  of  Si  or  C 
causes  the  change  of  lattice  parameters.  Thus,  the  phase 
transformation  in  SiC  happens  through  infringement  of 
stoichiometry.  The  process  of  3C-SiC  film  growth  on  Si 
substrate  by  different  methods  is  an  indirect  confirmation 
of  this  result. 
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Thermal  activation  energies  of  Mg  in  GaN  grown  using  RF  nitrogen  source  with  varying  Mg  flux 
were  examined  using  an  admittance  spectroscopy  technique.  There  was  no  noticeable  difference  or 
trend  in  the  activation  energy  with  varying  Mg  flux.  The  thermal  activation  energy  for  GaN: Mg 
was  ~115  meV  under  the  investigated  Mg  flux  range.  Negligible  persistent  photo-conductivity  and 
yellow  luminescence  peak  in  PL  observed  in  the  samples  suggest  possible  reduction  of  the  thermal 
activation  energies  compared  to  the  values  in  the  literature. 


I.  INTRODUCTION 

Magnesium  has  been  the  commonly  used  p-type 
dopant  for  GaN  growth  by  molecular  beam  epitaxy 
(MBE)  and  metal-organic  chemical  vapor  deposition 
(MOCVD).  While  the  control  of  p-doping  in  GaN  has 
been  one  of  the  key  issues  in  the  growth  of  GaN  based 
devices,  the  thermal  activation  energy  of  Mg  becomes 
an  important  parameter  in  evaluating  the  performance 
of  the  doping  process.  Many  of  the  investigations  of 
the  thermal  activation  energy  for  Mg  have  determined, 
it  as  150—160  meV  for  both  MOCVD  and  MBE  grown 
GaN: Mg  structures  [1-5].  Tanaka  et  al  [5]  particularly 
observed  different  thermal  activation  energies  on  differ¬ 
ently  doped  GaN:Mg  grown  by  MOCVD  technique.  In¬ 
vestigation  of  dopant  activation  in  MBE  grown  Mg-doped 
GaN  structures,  however,  have  been  limited  to  a  few  cas¬ 
es  [3,4]  with  the  measurement  technique  being  limited 
only  to  the  Hall  effect  measurement.  Furthermore,  as  far 
as  the  authors  know,  any  examination  of  GaN:Mg  grown 
using  RF  nitrogen  source  has  not  been  reported. 

Li  et  al.  [6]  observed  persistent  photo-conductivity 
(PPC)  phenomena  for  GaN: Mg  structures  grown  by 
MBE  and  by  MOCVD.  They  suggested  that  the  PPC 
phenomenon  is  related  with  a  lattice  relaxation  or 
metastability  [6,7]  associated  with  Mg  impurities.  The 
phenomenon,  however,  may  be  related  to  an  intrinsic 
deep  level  impurity  which  also  causes  the  yellow  lu¬ 
minescence  [8].  The  explanation  for  the  origin  of  the 


PPC  seems  scattering  in  the  literature  as  such  and  that 
indicates  possible  process  dependence  of  the  signature 
of  the  impurities  and/or  defects  in  GaN.  We  report 
thermal  activation  energies  measured  by  an  admittance 
spectroscopy  technique  on  a  series  of  differently  dope- 
d  GaN: Mg  layers  grown  via  MBE  using  a  RF  nitrogen 
source. 

II.  EXPERIMENTAL 

A  series  of  GaN:Mg  film  was  grown  with  varying  Mg 
flux.  Samples  were  grown  using  a  RF  nitrogen  source'  at 
a  fixed  substrate  temperature  of  —750  °C  on  sapphire 
(0001)  substrate.  Details  for  the  growth  procedure  is 
described  in  Ref.  9.  The  employed  Mg  cell  temperatures 
and  measured  hole  concentrations  at  room  temperature 
are  summarized  in  Table  1.  For  the  GaN:Mg  samples 
examined  in  this  study,  the  Mg  concentration  (measured 
by  SIMS)  [9]  was  limited  to  — 2xl019  cm-3  regardless  of 
the  Mg  flux  under  the  investigated  range. 

Admittance  [10,11]  of  a  junction  is  expressed  by  an 
equivalent  circuit  of  a  parallel  connection  of  conduc¬ 
tance  and  capacitance  components,  Y(w,T)  =  G(cd,T)  + 
juC(u,T),  where  G  is  conductance  and  C  is  capacitance. 
The  values  of  C  and  G  depend  on  the  angular  frequency 
(w)  of  the  test  ac-signal  and  the  sample  temperature  (T). 
It  has  been  routinely  accepted  [11,12]  that  the  trap  emis¬ 
sion  kinetics,  for  the  acceptor  doping  case,  is  described 
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Table  1.  Summary  of  the  experiments  and  results.  Free  hole  concentrations  due  to  Hall  effect  measurements  are  for  the  room 
temperature.  Thermal  activation  energies  and  the  capture  cross-section  parameters  are  from  the  best  fit  of  the  admittance 
spectroscopy  measurements  assuming  temperature  independence  of  a.  The  acceptor  concentrations  were  estimated  from  the 
high  temperature  capacitance  value  at  frequency  10  kHz. 


Sample 

Mg  cell 
Temp.  (°C) 

SIMS  Cone. 
(1019  cm-3). 

Hole  Cone. 
(1017  cm-3) 

A  Et 
(meV) 

a 

(ltr20  cm-2) 

na 

(1018  cm-3) 

72 

280 

0.5 

mssnsm 

2.6 

-0.8 

74 

280 

0.8 

mssmg&m 

4.4 

-1.7 

54 

345 

—2 

1.2 

118  (±3) 

18 

—1.5 

55 

390 

0.9 

113  (±4) 

30 

-0.7 

by 

eh  =  avthNv  exp(-AET/kT),  (1) 

where  e*  is  the  hole  emission  rate,  a  is  the  capture  cross- 
section  that  may  or  may  not  depend  on  temperature,  vth 
is  the  thermal  velocity  of  holes,  Nv  is  the  valence  band 
effective  density  of  states,  A Et  is  the  free  energy  change 
for  ionization  or  \EV  —  Et |,  &  is  the  Boltzmann  constant, 
and  T  is  the  absolute  temperature.  At  high  enough  tem¬ 
peratures  (or  low  frequencies)  the  trap  responds  to  the 
test  signal  and  thus  C(w,T)  comprises  the  contribution 
from  the  emitted  trap  carriers.  However,  at  low  enough 
temperatures  (or  high  frequencies)  the  trap  cannot  re¬ 
spond  to  the  test  signal  and  thus  cannot  contribute  to 
C(w}T).  As  a  consequence,  the  over- all  feature  of  the 
capacitance  curve  measured  at  a  given  frequency  (say 
u>i  =  27r fi)  with  varying  temperature  shows  a  transition 
going  from  the  high  temperature  plateau  down  to  the 
low  temperature  one  as  will  be  shown  in  Fig.  1.  Since 
the  transition  occurs  when  the  characteristic  angular  fre¬ 
quency  coincides  with  the  trap  emission  rate  (u>i  =6^), 
a  pair  of  the  transition  temperature  T\  and  the  emission 
rate  evi  can  be  uniquely  determined.  For  the  conduc¬ 


Fig.  1.  Admittance  spectroscopy  measurement  result  for 
sample  55. 


tance,  an  opposite  trend  shows  and  the  curve  normalized 
to  the  test  frequency  (G/u>)  shows  a  peak  at  the  transi¬ 
tion  temperature  (Fig.  1).  Thus  by  measuring  the  tran¬ 
sition  temperatures  at  various  test  frequencies,  a  series 
of  transition  temperatures  can  be  obtained  for  a  given 
sample.  Now  by  noting  that  vthNv  -  T2  in  Eq.  (1),  one 
obtains  A  Et  from  the  slope  in  the  plot  of  ln(eh/T 2)  vs. 
l/T  when  a  temperature  independent  a  is  assumed,  as 
will  be  shown  in  Fig.  2. 

Admittance  spectroscopy  measurements  were  carried 
out  using  Ti/Au  for  Schottky  contacts  [13]  and  Ni/Au 
for  ohmic  contacts  [14].  Square  Schottky  diodes  were 
patterned  in  a  square  dot-and-ring  geometry  with  an 
area  of  260x260  /zm2.  Capacitance  and  conductance  are 
measured  on  selected  devices  showing  low  reverse-bias 
leakage  currents  through  current-voltage  measurements. 
HP4284A  precision  LCR  meter  was  used  for  the  measure¬ 
ments  under  zero  gate  bias  voltage  with  20  mV  rms  value 
for  the  small-signal.  The  small  signal  frequencies  and  the 
substrate  temperatures  were  varied  in  the  ranges  of  100 
Hz  —  1  MHz  and  100—450  K,  respectively.  The  hole  con¬ 
centrations  were  measured  by  Hall  effect  measurement 
technique  using  In  or  Ni/Au  ohmic  contacts  on  Van  der 
Pauw  geometry.  Photoluminescence  was  measured  using 


1000/T  (1/K) 

Fig.  2.  ln(eh/T2)  vs.  l/T  plot. 
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He-Cd  laser  at  14.2  K. 

III.  RESULTS  AND  DISCUSSION 

The  hole  concentrations  measured  by  Hall  effect  were 
limited  to  <vl017  cm-3  at  room  temperature.  As  sum¬ 
marized  in  Table  1,  it  was  not  observed  a  clear  trend 
in  the  free  carrier  concentrations  with  varying  Mg  flux. 
Since  the  atomic  concentration  of  Mg  in  GaN  is  ~2xl  01 9 
cm-2  as  measured  by  SIMS  [9],  less  than  ~0.5  %  of  the 
incorporated  Mg  atoms  have  been  activated.  This  kind 
of  very  small  hole  concentration  ratio  with  respect  to  the 
chemical  concentration  was  also  observed  in  MBE  grown 
structures  employing  ammonia  [4]. 

Fig.  1  shows  an  example  of  the  measured  admittance 
spectroscopy  curves  for  sample  55.  Only  a  part  of  the 
curves,  measured  at  1,  3,  10,  30,  and  100  kHz,  were 
plotted  for  clarity.  The  capacitance  values  are  normal¬ 
ized  to  the  junction  area  and  the  conductance  values  are 
normalized  both  to  the  junction  area  and  to  the  angu¬ 
lar  frequencies.  For  all  the  samples,  well-defined  smooth 
curves  were  obtained  and  only  one  energy  level  was  de¬ 
tected.  The  transition  temperature  at  each  small-signal 
frequency  was  read  from  the  peaks  of  the  conductance 
curves. 

A  plot  of  1  n(eh/T2)  vs.  1/T  to  obtain  the  thermal  acti¬ 
vation  energy  is  shown  in  Fig.  2.  It  is  not  clear  at  present 
for  the  smaller  slope  observed  at  low  frequencies  for  sam¬ 
ple  55.  The  thermal  activation  energies  obtained  through 
best  linear  fit  at  above  ~200  K  are  111~119  meV  for  the 
samples  as  summarized  in  Table  1.  The  capture  cross- 
sections  are  determined  to  be  3~30xl0“ 20  cm-2.  The 
very  small  capture  cross-section  values  manifest  that  the 
acceptor  level  is  very  repulsive  [15].  There  was  no  defi¬ 
nite  trend  in  the  change  of  the  activation  energies  with 
Mg  flux  variation.  The  average  activation  energy  is  ~  1 15 
meV  for  the  samples  grown  with  a  RF  nitrogen  source  in 
MBE  system.  The  obtained  thermal  activation  energies 
are  rather  smaller  than  what  has  been  observed  by  ear¬ 
lier  workers.  Thus  far,  as  far  as  the  authors  know,  the 
smallest  activation  energies  were  ~125  meV  in  MBE  [16] 
and  MOCVD  [17]  grown  GaN:Mg  structures.  However, 
the  measurement  techniques  may  result  in  different  ion¬ 
ization  energies  and  need  to  be  explored. 

We  observed  a  couple  of  distinguished  aspects  in  all 
the  samples.  First,  no  remarkable  PPC  effect,  which 
has  been  observed  in  MBE  and  MOCVD  grown  GaN:Mg 
structures  [6],  was  observed.  Second,  the  samples  did 
not  show  noticeable  yellow  luminescence  peak  near  560 
nm  as  exemplified  in  Fig.  3.  It  was  reported  that  the 
impurities  causing  the  yellow  luminescence  also  induce 
the  PPC  effect  in  GaN  [8].  This  observation  was,  how¬ 
ever,  on  undoped  GaN  structure,  and  thus  is  not  related 
with  Mg  doping.  Our  observation,  negligible  PPC  effect 
and  yellow  luminescence  then  may  mean  that  the  sam¬ 
ples  have  negligible  donor-related  impurities  relevant  to 


Fig.  3.  Photoluminescence  measurement  for  sample  55. 


the  phenomena.  This  result  suggests  that  the  configura¬ 
tion  of  the  impurities  in  the  lattice,  including  donors  and 
acceptors,  strongly  depend  on  the  growth  method  and 
the  detail  processes.  Using  RF  source  for  activation  of 
nitrogen  may  create  the  difference.  It  is  clear  that,  what¬ 
ever  the  origin  of  the  phenomena,  our  samples  will  show 
nil  activation  energy  for  capture  process  and  accordingly 
smaller  activation  energy  for  the  emission  process.  This 
unique  aspect  of  the  RF  source  grown  samples  may  re¬ 
sults  in  the  observation  of  smaller  activation  energies  in 
the  admittance  spectroscopy  measurements. 

The  carrier  concentrations  measured  by  the  Hall  effect 
is  the  equilibrium  value,  but  those  inducing  the  capaci¬ 
tance  depends  on  the  emission-and-capture  kinetics.  At 
high  temperatures  and  at  low  frequencies  the  acceptors 
fully  respond  to  the  test  signal,  thus  the  modulated  carri¬ 
er  concentration  approach  to  the  acceptor  concentration. 
Thus  estimated  acceptor  concentrations  from  the  mea¬ 
sured  capacitance  values  at  350  K  at  10  kHz  are  summa¬ 
rized  in  Table  1.  They  are  ~1018  cm‘3.  This  calculation 
indicates  that  less  than  10  %  of  the  atomic  Mg  acts  as 
acceptors.  Kim  et  al.  [4]  suggested  that  the  remaining 
Mg  segregate  to  crystalline  defects  such  as  threading  dis¬ 
locations. 

IV.  CONCLUSIONS 

We  grew  a  series  of  GaN:Mg  structures  in  a  MBE  sys¬ 
tem  using  RF  nitrogen  source  with  varying  Mg  flux.  The 
thermal  activation  energies  are  measured  by  admittance 
spectroscopy  technique  and  determined  to  be  ~115  meV. 
This  is  a  value  smaller  than  that  measured  in  other  MBE 
and  MOCVD  grown  GaN:Mg  structures.  This  may  be 
due  to  nil  capture  barrier  energy,  as  evidenced  by  negli¬ 
gible  persistent  photo- conductivity  effect,  in  the  particu¬ 
lar  samples  grown  using  RF  source.  There  was  not  clear 
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trend  in  the  activation  energies  with  varying  Mg  flux  in 
the  investigated  flux  range. 
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A  new  technique  for  annealing  semiconductor  layers  in  Si  MOS  transistors  is  reported.  Thermal 
annealing  using  a  furnace  reactor,  a  lamp,  and  a  UV  (Ultra  Violet)  pulse  beam  has  been  studied  in 
order  to  form  a  source  and  drain  with  shallow  junction  in  MOS  transistors,  to  activate  a  poly-SiGe 
gate  in  low  voltage  MOS  driving,  and  to  improve  the  silicon  channel  in  poly-Si  TFTs  (Thin  Film 
Transistors).  The  EL  A  (Excimer  Laser  Annealing)  with  high  absorption  for  silicon  layers  in  the  UV 
(Ultra-Violet)  region  is  a  promising  new  RTA  (Rapid  Thermal  Annealing)  process  and  should  be 
developed  for  use  with  next  generation  Si  LSIs. 


L  THE  STATE-OF-THE-ART  PROCESS 
FOR  ANNEALING  SI  LAYERS  IN  MOS 
TRANSISTORS 

0.1  fim  transistors  have  been  studied  extensively  as 
they  will  play  a  leading  role  in  ULSI’s  in  the  next  centu¬ 
ry  [1].  To  realize  ultra-small  devices,  ultra-shallow  junc¬ 
tions  for  source  and  drain  (S/D)  are  essential  in  order  to 
suppress  short  channel  effects.  RTA  using  a  lamp  and 
conventional  Furnace  Annealing  (FA)  are  common  pro¬ 
cedures  but  they  cannot  sufficiently  activate  impurities 
with  little  diffusion.  Single  shot  of  EL  A  is  a  candidate 
for  overcoming  this  difficulty  [2].  Multiple  excimer-laser 
pulses  used  in  gas  immersion  laser  doping  (GILD)  [3]  or 
with  a  pre-deposited  dopant  [4]  is  also  a  promising  pro¬ 
cedure  when  optimization  of  the  pulse  energy  and  shot 
number  can  be  used  to  control  the  junction  depth. 

For  an  MOS  gate  under  low- volt  age  driving,  precise 
control  of  the  thereshold  voltage  is  important  for  CMOS 
transistors.  In  order  to  maintain  current  drivability 
without  modifying  the  channel  concentration,  new  gate 
materials  with  an  adjustable  work  function  within  the 
bandgap  of  poly-Si  are  required  to  replace  poly-Si  gate  for 
CMOS  and  SOI  (Silicon  On  Insulator)  transistors  with 
a  channel  length  less  than  0.18  ^m.  Poly-SiGe  film  of 
narrow  band-gap  activated  efficiently  in  p-type  is  a  can¬ 
didate  for  the  new  gate  materials,  as  the  films  should  be 
compatible  with  the  conventional  Si  process.  There  have 
been  several  reports  of  these  films  being  applied  to  MOS 
gates  [5,6]. 

Research  on  TFTs  (Thin  Film  Transistors)  has  been 
undertaken  for  application  to  to  LCDs  (Liquid  Crystal 
Displays)  and  to  SRAM  (Static  Random  Access  Memo¬ 
ry)  [7,8].  It  has  been  reported  that  grains  smaller  than 
the  channel  size  allow  for  uniform  TFT  characteristics  [9], 
although  carrier  mobility  is  reduced.  While  high  temper¬ 


ature  annealing  can  improve  the  electronic  properties  of 
poly-Si  films,  ELA  heating  Si  films  up  to  melting  point 
of  Si  is  considered  to  be  an  advanced  RTA  process  for  an 
improvement  of  poly-Si  [10]  as  it  has  no  thermal  effect 
on  the  underlying  substrate  and  devices  [11]. 

Furthermore,  in  order  to  realize  the  system  on  glass  or 
SOI,  such  as  a  high-performance  LSI  on  an  arbitral  sub¬ 
strate,  some  promising  results  have  been  reported  adopt¬ 
ing  SPC  (Solid  Phase  Crystallization)  and  ELA  [12-16]. 

II.  A  NEW  ANNEALING  PROCESS  FOR  SI 
MOS  TRANSISTORS 

1.  Shallow-junction  Annealing  for  Short-channel 
Transistors 

The  absorption  coefficient  in  amorphous  and  crys¬ 
talline  Si  in  the  UV  region  is  high  and  its  absorption 
depth  is  about  7  nm  [11].  Therefore,  the  pulse  beam  en¬ 
ergy  of  an  XeCl  excimer  laser  (308  nm)  is  absorbed  in  a 
shallow  region  in  Si  and  only  the  surface  is  heated  to  a 
temperature  near  the  melting  point  for  a  very  short  time. 

As+  or  BFj  ions  are  implanted  on  Si  wafers  at  5  keV 
and  3xl015/cm2  before  ELA.  For  a  Si  layer  capped  with 
SiC>2  for  anti- reflection,  a  pulsed  beam  of  an  excimer 
laser,  its  shape  controlled  by  an  optical  homogenizer  or 
lamp  with  RTA  less  than  900  °C,  was  irradiated.  There 
is  an  distinct  difference  in  sheet  resistance  between  ELA 
and  RTA.  For  ELA  with  a  pulse  energy  of  less  than  0.95 
J /cm2,  sheet  resistance  less  than  200  ohm/sq.  was  ob¬ 
tained  while  keeping  the  junction  depth  shallower  than 
50  nm  [17]. 

A  transistor  process  for  a  0.1  fim  channel  was  devel¬ 
oped  by  adopting  single-shot  ELA.  Excellent  transistor 
characteristics  with  a  gate  voltage  swing  of  less  than  90 


-S265- 


-S266- 

mV/dec,  a  low  leakage  current  (about  1CT12  A///m)  and 
a  high  on/off  ratio  of  more  than  107  were  obtained  [18]. 

2.  Gate  Activation  for  Low  Voltage  Driving 

Sintered  solid  SiGe  target  were  prepared  from  Si  and 
Ge  powder.  SiGe  films  80  nm  thick  were  deposited  by  r.f. 
sputtering  on  thermally  oxidized  Si  substrates.  After  B+ 
ions  were  implanted  at  a  dose  of  2xl015/cm2,  conven¬ 
tional  furnace  annealing  below  940  °C  was  performed. 
In  order  to  confirm  the  Vjb  shift,  which  is  related  to  the 
threshold-voltage  shift  for  MOS  transistors,  MOS  capac¬ 
itors  of  SiGe  gates  were  fabricated  and  compared  with 
those  of  p+,  and  n+  poly-Si  gates. 

TEM  (Transparent  Electron  Microscopy)  micrographs 
show  all  films  have  the  small  grains  peculiar  to  typical 
boron-doped  poly-Si  films.  The  higher  the  annealing 
temperature  and  the  Ge  content,  the  better  the  crys¬ 
tallinity.  The  grain  size  was  about  30  nm  for  the  films 
of  Ge  content  x  about  0.5.  Spectroscopic  ellipsometry 
showed  that  refractive  index  n  and  absorption  index  k 
increase  as  the  Ge  content  increases,  and  photon  ener¬ 
gy  values  at  the  effective  absorption  threshold  decrease. 
The  related  bandgap  of  SiGe  narrows  with  the  increase  in 
Ge  content  and  depends  on  the  annealing  temperature. 
Therefore,  by  optimizing  the  Ge  content  and  the  anneal¬ 
ing  conditions,  the  energy  level  at  the  valence  band  edge 
can  be  controlled.  As  a  result  of  C-V  measurement  of 
MOS  capacitors,  the  flat  band  voltage  {Vjb)  for  P+  poly- 
SiGe  with  a  Ge  ratio  of  0.5  has  been  adjusted  almost  to 
the  middle  point  between  both  types  of  poly-Si  gate  [19]. 
The  threshold  voltage  (Vth)  for  MOS  and  SOI  transis¬ 
tors  in  low-voltage  driving  can  be  controlled  by  adopting 
the  single  gate  of  p-type  SiGe.  Furthermore,  a  more  ad¬ 
vanced  and  lower  temperature  process  should  be  possible 
by  adopting  sputtering  and  ELA  to  SiGe  films  [20]. 

3.  Improvement  in  Semiconductor  Channel  in 
TFTs 

RTA  and  ELA  effects  for  small  grained  poly-Si  TFTs 
were  investigated.  In  general,  although  uniform  charac¬ 
teristics  can  be  expected  for  small  grained  TFTs,  they 
degrade  due  to  the  existing  high  trap  states  density  re¬ 
lated  to  the  existence  of  grain  boundaries.  For  RTA,  as 
the  annealing  temperature  increases,  the  electronic  prop¬ 
erties  of  poly-Si  films  improve.  Furthermore,  as  a  result 
of  ELA  with  a  controlled  single  pulse,  TFT  characteris¬ 
tics  improved  remarkably,  maintaining  small  grains  and 
a  flat  surface  [21]. 

In  order  to  increase  the  grain  size  and  improve  the  crys¬ 
tallinity  in  silicon  films  by  ELA,  the  solidification  veloc¬ 
ity  must  be  controlled.  Effective  results  using  substrate 
heating  have  been  reported  [22].  By  adopting  substrate 
heating  during  ELA  for  crystallizing  amorphous  silicon 
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films  45  nm  thick,  uniform  TFT  characteristics  with  sav¬ 
ing  energy  of  100  mJ/cm2  was  attained  [23].  Lumped 
shot  ELA  with  a  uniform  beam  also  makes  TFT  char¬ 
acteristics  uniform  within  a  large  shot  area  [24].  Ad¬ 
vanced  ELA  processing  for  poly-Si  is  expected  to  be  ap¬ 
plied  for  not  only  LCDs  but  also  for  SRAMs  and  for  LSIs 
of  System-on-Insulator  operating  at  a  lower  voltage. 

In  order  to  form  high  performance  TFTs  in  each  large 
grain,  a  new  crystallizing  technique  of  compulsive  local¬ 
ized  nucleation  of  grains  by  ELA  was  proposed.  An  UV 
pulse  was  irradiated  thorough  small  patterned  holes  reg¬ 
ularly  arrayed  in  masked  amorphous  silicon  films  on  in¬ 
sulators.  After  subsequent  SPC,  dendritic  or  disk-shaped 
grains  as  large  as  5  /im  were  grown  from  the  select¬ 
ed  pre-annealed  location.  In  a  disk  shaped  grain,  pre¬ 
ferred  orientation  of  single-crystalline  {111}  face  were 
confirmed  [13].  To  realize  uniform  and  superior  TFTs 
such  as  SOI  on  arbitral  substrates,  research  on  the  po¬ 
sitioning  of  large  grains  in  required  locations  as  well  as 
control  of  the  crystal-orientation  in  each  grain  using  the 
ELA  technique  is  necessary. 

III.  SUMMARY 

Using  current  annealing  techniques,  improvements  in 
the  semiconductor  layers  with  shallow  junctions,  for  gates 
and  in  thin  film  channels  in  Si  MOS  transistors  have  been 
investigated. 

As  a  result,  ELA  is  considered  to  be  a  promising  pro¬ 
cess  to  improve  transistor  performance.  Controlling  the 
heating  of  the  semiconductor  layers  as  well  as  develop¬ 
ing  a  shot  technique  for  application  to  the  LSI  structure 
requires  further  study. 
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The  large  grain  growth  by  excimer  laser  annealing  was  observed  at  multi-shots  with  a  long  laser 
pulse  duration  of  200  ns.  The  grain  size  of  the  poly  crystalline  Si  increases  up  to  ~1.5  pm  with 
20  shots  at  a  laser  energy  density  of  650  mJ/cm2,  and  (111)  orientation  is  dominant.  The  dark 
conductivity  and  conductivity  activation  energy  of  the  poly-Si  were  1.47xl0-4  S/cm  and  0.54  eV, 
respectively.  The  TFT  with  the  poly-Si  exhibited  a  field  effect  mobility  of  215  cm2 /Vs,  a  threshold 
voltage  of  —0.5  V  and  a  subthreshold  slope  of  0'9  V/dec. 


I.  INTRODUCTION 

Polycrystalline  silicon  (poly-Si)  is  a  potential  material 
for  use  in  solar  cells,  thin  film  transistors  (TFT’s),  and 
integrated  drivers  for  active  matrix  liquid  crystal  displays 
(AMLCD’s)  [1].  The  peripheral  circuits  and  TFT  switch¬ 
ing  devices  can  be  fabricated  simultaneously  on  the  same 
glass  substrate  [2].  The  excimer  laser  annealing  (EL A) 
is  a  promising  method  to  obtain  low  temperature  poly-Si 
for  high  performance  TFTs  [3,4]. 

To  enlarge  the  grain  size  several  approaches  have  been 
carried  out  [5-10].  In  general,  the  maximum  grain  size 
and  process  area  of  the  laser  crystallized  polycrystalline 
silicon  (poly-Si)  were  limited  by  non-equilibrium  of  ther¬ 
mal  transfer,  mechanical  stress  during  phase  transition 
from  amorphous  to  crystal  and  short  laser  duration  (30 
ns).  Kim  et  al  tried  a  multiple  pulse  irradiation  [5,6].  A 
super  lateral  grain  growth  appears  at  nearly  completely 
melting  regime.  Choi  et  al.  increased  the  grain  size  us¬ 
ing  a  bridge  structure  [7].  Kuriyama  et  al.  enlarged  the 
grain  size  by  a  large  number  of  128  shots  [8]. 

In  the  present  work  we  have  studied  the  grain  enlarge¬ 
ment  of  EL  A  poly-Si  and  its  application  to  TFT.  A  multi¬ 
shot  annealing  using  excimer  laser  with  a  pulse  duration 
of  200  ns  was  carried  out  after  dehydrogenation.  The 


beam  size  for  annealing  was  27  mmx68  mm.  The  Ni  sili- 
cide  source/drain/gate  contacts  were  employed  for  the 
TFT  [11].  The  n-channel  poly-Si  TFTs  exhibited  a  field 
effect  mobility  of  ~2 15  cm2/Vs  and  a  threshold  voltage 
of  -0.5  V. 


II.  EXPERIMENTAL 

We  used  the  a-Si:H  films  prepared  by  plasma  enhanced 
chemical  vapor  deposition  (PECVD)  as  a  starting  mate¬ 
rial  for  laser  annealing  using  a  XeCl  excimer  laser  (308 
nm,  SOPRA  system).  The  pulse  width  of  a  square  beam 
was  200  nsec  (Full- Width  at  Half-Maximum,  FWHM), 
the  laser  energy  per  shot  was  14  Joule,  and  the  pulse  to 
pulse  stability  was  ±2  %.  The  square  beam  size  and  its 
uniformity  are  27  mmx68  mm  and  ±3  %,  respectively. 
The  50  nm  thick  PECVD  a-Si:H  was  deposited  on  glass 
at  350  °C,  and  then  dehydrogenated  at  450  °C  for  30  min. 
The  a-Si:H  film  was  irradiated  by  a  single  shot  at  an  en¬ 
ergy  density  of  175~750  mJ/cm2  at  room  temperature. 
The  laser  shot  number  was  increased  up  to  20. 

After  forming  the  poly-Si  islands,  350  nm  thick  SiN* 
and  30  nm  thick  a-Si:H  layers  were  deposited  and  pat¬ 
terned  in  order  to  define  the  channel.  This  step  was 
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followed  by  ion  doping  to  make  n-type  poly-Si  for 
source/drain  contacts.  Flow  rates  of  SiH4,  He  and  NH3 
were  fixed  at  0.1,  100  and  30  seem,  respectively,  to  de¬ 
posit  the  SiNx  layer  at  280  °C  [11].  The  PECVD  SiNx 
exhibited  a  breakdown  field  strength  of  6  MV/cm  and  a 
leakage  current  density  of  ~10“10  A/cm2.  Then  20  nm 
thick  Ni  was  deposited,  and  annealed  at  250  °C  for  2 
hr  to  form  Ni  silicide  in  the  source/drain/gate  regions. 
Finally,  the  unreacted  Ni  was  removed  away  using  a  Ni 
etchant  to  form  the  Ni  silicide  source/drain/gate  con¬ 
tacts.  The  conventional  coplanar  TFTs  with  Ni  silicide 
contacts  were  fabricated.  The  ratio  of  channel  width  to 
length  of  the  TFT  was  80  ^m/28  /im. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  grain  size  versus  shot  number  at  the 
laser  energy  density  of  550,  600  and  650  mJ/cm2.  Ac¬ 
cording  to  Kim  et  ah ,  complete  melting  regime  is  thought 
to  appear  at  650  mJ/cm2  as  shown  in  Fig.  1.  Grain  size 
does  not  change  with  shot  number  at  650  mJ/cm2  [5,6]. 
It  is  noted  that  a  lateral  grain  growth  can  be  seen  at  550 
and  600  mJ/cm2,  near  complete  melting  regime  [6-10]. 
The  grain  size  at  600  mJ/cm2  increases  up  to  ~1.5  ^m. 

Figure  2  show  the  SEM  images  of  the  poly-Si  films 
crystallized  at  various  shot  numbers  with  a  laser  intensity 
of  600  mW/cm2.  Grain  size  increases  up  to  ~1.5  fi m  at 


Fig.  1.  The  grain  size  versus  shot  number  at  the  laser  en¬ 
ergy  density  of  550,  600  and  650  mJ/cm2. 

10  shots. 

Figure  3  shows  the  TEM  bright-field  images  for  the 
poly-Si  films  at  600  mJ/cm2.  The  grain  size  increases 
with  shot  number  and  is  1.5  /im  at  20  shots  (Fig.  3(d)) 
that  is  larger  than  that  of  ELA  poly-Si  at  a  30  ns  duration 


(a)  1  shot 


(b)  5  shots 


..  •  m.  mMm 


400  nm 


(c)  10  shots  —  '™'/  (d)  20  shots 

Fig.  2.  SEM  images  of  the  poly-Si  films  at  the  energy  density  of  600  mJ/cm2. 
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(a)  1  shot  (b)  5  shots 


(b)  5  shots 


(a)  1  shot 


(c)  1 0  shots  —  1 00  nm  (d)  20  shots 

Fig.  3.  TEM  bright-field  images  for  the  poly-Si  films  crys¬ 
tallized  at  600  mJ/cm2. 


(c)  10  shots 


(d)  20  shots 


Fig.  4.  Electron  diffraction  patterns  for  the  poly-Si  films  at 
the  energy  density  of  600  mJ/cm2. 
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[6-10].  Note  that  the  grain  size  is  less  than  1  /im  for  30 
ns  case. 

Figure  4  shows  the  electron  diffraction  patterns  for  the 
poly-Si  films.  The  (111)  orientation  is  dominant.  The 
best  crystalline  quality  can  be  seen  at  20  shots. 

Figure  5  shows  the  dark  conductivity  and  conductivi¬ 
ty  activation  energy  for  the  poly-Si  film  (20  shots).  The 
hopping  transport  does  not  appear.  The  dark  conductiv¬ 
ity  and  conductivity  activation  energy  were  1.47xl0“4 
S/cm  and  0.54  eV,  respectively. 

Figure  6  shows  the  transfer  characteristics  of  the  poly- 
Si  TFT.  The  sub  threshold  slope  and  on/off  current  ratio 


1000/T  (1/K) 

Fig.  5.  The  dark  conductivity  and  conductivity  activation 
energy  for  the  poly-Si  film  at  20  shots. 


-10  -5  0  5  10  15 


GATE  VOLTAGE  (V) 

Fig.  6.  Transfer  characteristics  of  the  poly-Si  TFT. 
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at  drain  voltage  Vd  =  5  V  are  0.9  V/dec.  and  ~106,  re¬ 
spectively.  The  off-state  leakage  current  is  ~10“n  A/fim 
at  Vd  =  5  V  and  gate  voltage  Vq  —  —0.5  V.  Note  that  the 
off-state  leakage  currents  increase  with  decreasing  gate 
voltage  (Vg  <  0  V)  because  of  the  increased  electron 
tunneling  through  the  potential  barrier  [12,13]. 

Figure  7  shows  the  output  characteristics  of  the  poly- 
Si  TFT.  The  current  crowding  effect  appears  at  low  Vd 
because  of  the  resistive  ohmic  layer.  The  sheet  resis¬ 
tance  of  the  Ni  silicide  on  the  poly-Si  was  found  to  be  ~2 
u;/square,  but  n+  poly-Si  seems  to  be  damaged  by  ion 
doping. 

Figure  8  shows  the  transconductance  and  the  trans¬ 
fer  characteristics  at  Vd  =  0.1  V  for  the  poly-Si  TFT. 


-10  -5  0  5  10  15 


GATE  VOLTAGE  (V) 

Fig.  8.  Transconductance  and  the  transfer  characteristics 
of  a  poly-Si  TFT  at  Vd  =0.1  V. 


The  poly-Si  TFT  exhibited  a  field  effect  mobility  of 
215  cm2/Vs  and  a  threshold  voltage  of  -0.5  V.  The 
field  effect  mobility  was  obtained  from  the  transconduc¬ 
tance  (</m)  in  the  linear  region  at  Vd  =  0.1  V,  i.e., 
9m  —  dlo/dVG  =  CiVDtinW/L,  where  W/L  is  the  ra¬ 
tio  of  channel  width  to  length,  C*  is  the  capacitance  of 
gate  insulator  and  fin  is  the  field  effect  mobility  of  elec¬ 
trons  [14].  The  threshold  voltage  was  obtained  from  the 
extrapolation  of  the  transconductance  curve  versus  gate 
voltage  [14]. 

With  increasing  laser  energy  density,  grain  size  increas¬ 
es  exponentially  until  near  complete  melting  regime  and 
then  decreases  rapidly  [5-10].  Within  a  long  pulse  dura¬ 
tion  time,  thermal  energy  stored  in  the  molten-Si  layer 
is  transferred  into  the  substrate,  and  thus  the  tempera¬ 
ture  gradient  in  the  film  near  interface  is  moderated  and 
thus  the  solidification  velocity  decreases.  The  movement 
of  the  grain  boundary  is  thermodynamically  driven  and 
proceeds  in  order  to  lower  the  total  free  energy  of  the 
closed  system.  According  to  Kim  et  al}  relocation  of 
the  original  grain  boundary  (and  therefore  the  apparent 
“growth  of  the  grain”)  occurs  upon  impingement  of  the 
re-solidifying  interfaces  [5,6].  This  explains  the  enlarge¬ 
ment  of  grains  by  multi-shots. 

IV.  CONCLUSIONS 

The  grain  size  increases  in  the  range  of  “near  complete 
melting”,  until  complete  melting  regime  is  reached.  The 
grain  size  is  1.5  /im  when  the  laser  energy  and  shot  num¬ 
ber  are  600  mW/cm2  and  20,  respectively.  The  dark 
conductivity  and  conductivity  activation  energy  were 
1.47 x  10-4  S/cm  and  0.54  eV,  respectively.  The  fabricat¬ 
ed  n-channel  poly-Si  TFT  exhibited  a  field  effect  mobility 
~215  cm2/Vs,  a  threshold  voltage  of  0.5  V  and  a  sub¬ 
threshold  slope  of  ~0.9  V/dec.  Therefore,  the  ELA  with 
a  pulse  duration  of  200  ns  seems  to  be  very  promising  for 
high  performance  TFT-LCDs. 
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Pd/Si/Pd/Ti/Au  ohmic  contact  to  n-InGaAs  was  investigated  by  various  measurement  tech¬ 
niques.  In  spite  of  the  lower  barrier  height  of  metals-InGaAs  junction,  the  ohmic  system  showed 
the  non-ohmic  behavior  due  to  the  presence  of  insulating  Si  layer  before  annealing.  But  the  ohmic 
performance  was  enhanced  by  rapid  thermal  annealing  (RTA)  over  300  °C.  The  minimum  specific 
contact  resistance  of  4.3  xlO-7  Qcm2  was  obtained  for  sample  annealed  at  400  °C  for  10  s.  As  the 
result  of  microstructural  analyses,  it  was  found  that  the  ohmic  performances  were  improved  due  to 
the  generation  of  Pd2Si  phase  at  annealing  temperature  under  400  °C,  but  were  slightly  degraded 
with  the  increment  of  Pd2Ga5  phase  over  425  °C.  Up  to  450  °C,  the  relatively  good  resistivities  (low 
10“6  S7cm2)  and  planar  interfaces  were  maintained. 


L  INTRODUCTION 

AIGaAs/GaAs  heteroj  unction  bipolar  transistors 
(HBTs)  have  been  widely  applied  as  the  power  devices 
for  mobile  and  satellite  communications,  because  of  their 
advantages  such  as  high  frequency,  high  breakdown  volt¬ 
age  and  large  current  drivability.  As  the  device  sizes  scale 
down  to  obtain  higher  speed,  reducing  the  parasitic  re¬ 
sistance  due  to  ohmic  contact  become  more  important 
[1].  Therefore,  it  is  very  critical  to  achieve  the  reliable 
ohmic  contact  of  the  low-resistance  and  the  planar  metal- 
to-semiconductor  interface  even  at  high  temperature  of 
about  450  °C. 

Refractory  metal  systems,  including  Pd-based  metals, 
have  been  extensively  investigated  as  the  ohmic  contact 
materials  to  n-type  GaAs  superior  to  the  conventional 
AuGe-based  systems  which  have  photolithography  lim¬ 
it  due  to  the  severe  “ball-up”  metallization  [2-5].  The 
Pd/Si  ohmic  contact  is  similar  to  Pd/Ge  system,  includ¬ 
ing  a  moderately  good  specific  contact  resistance  (low 
10-6  ficm2)  for  same  doping  levels  and  solid  phase  re- 
growth  mechanisms  [6-9].  Si  enhances  the  doping  level 
of  the  GaAs  surface,  besides  acting  as  a  barrier  against 
Ga  and  As  out-diffusion  [1].  As  an  ohmic  contact  mech¬ 
anism  of  this  system,  it  was  known  that  Pd  and  GaAs 
develop  a  metastable  Pd4GaAs  compound  on  the  GaAs 
surface  at  about  100  °C,  and  Si  and  Pd  react  and  produce 


Pd2Si  at  200-275  °C  [1,10].  And  at  300  °C  or  above,  a 
thin  layer  of  n+-GaAs  is  formed  between  Pd  and  GaAs 
substrate.  Yu  et  al.  [10]  reported  that  there  was  no 
detectable  epitaxial  Si  on  GaAs  after  annealing  at  375 
°C  where  the  ohmic  behavior  was  observed,  and  that  a 
Pd2Si  layer  was  in  contact  with  the  n-GaAs  with  the  ex¬ 
cess  amorphous  Si  located  on  top  of  the  Pd2Si  layer.  It  is 
expected  that  a  similar  phenomenon  occurs  on  n-InGaAs, 
which  is  used  as  a  material  for  HBTs  [5]  due  to  low  barri¬ 
er  height  to  metals  as  well  as  high  electron  mobility  and 
high  electron  saturation  velocity.  Shantharama  et  al  [11] 
have  presented  several  non-alloyed  ohmic  contacts  on  n+- 
and  p+-InGaAs,  and  authors  [12]  have  recently  reported 
some  results  on  AuGe/Ni/Au,  AuGe/Pd/Au,  Ti/Pt/Au 
and  WSi/Ti/Pt/Au  contacts  to  n-InGaAs.  Up  to  now, 
however,  there  are  few  detailed  studies  on  Pd/Si-based 
ohmic  contacts  to  n-InGaAs  and  their  thermal  behav¬ 
iors.  In  this  study,  Pd/Si/Pd/Ti/Au  ohmic  contacts  to 
n-InGaAs  were  comprehensively  investigated  using  vari¬ 
ous  electrical  and  microstructural  measurements. 

II.  SAMPLE  PREPARATION 

Table  1  shows  an  epi-structure  of  AIGaAs/GaAs  HBTs 
grown  by  MOCVD  (metal  organic  chemical  vapor  depo¬ 
sition)  on  3-inch  semi-insulating  GaAs  (100)  wafer.  As 
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Table  1.  AlGaAs/GaAs  HBT  epi-layer  structures  for  the 
experiment. 


Layer 

Thickness 

(A) 

Doping 

(cm"3) 

A1  (In) 
Fraction 

n+-InGaAs 

400 

IxlO1* 

0.5 

Cap 

n+-InGaAs 

400 

lxlO19 

0  —  0.5 

n+-GaAs 

1000 

3.7xl018 

n- AlGaAs 

500 

5xl01Y 

0.3  —  0 

Emitter 

n- AlGaAs 

1500 

2xl017 

0.3 

Base 

p+-GaAs 

700 

3xlOla 

Collector 

n”-GaAs 

4000 

2xl016 

Subcollector 

n+-GaAs 

5000 

4xl018 

the  cap  layers  for  emitter  ohmic  contact,  an  n-GaAs 
layer  (1000  A,  3.7xl018  Si/cm3),  and  a  composition- 
ally  graded  n-InxGai_xAs  (x  =  0  — *  0.5)  layer  (400 
A,  IxlO19  Si/cm3),  and  an  Ino.5Gao.5As  layer  (400  A, 
lxlO19  Si/cm3)  were  grown  sequentially  on  the  AlGaAs 
emitter.  Prior  to  contact  deposition,  the  samples  were 
cleaned  in  the  HCkE^O  (1:1)  solution  for  30  seconds.  As 
shown  in  Figure  1,  composite  ohmic  metals  were  deposit¬ 
ed  in  order  of  Pd  (500  A),  Si  (750  A),  Pd  (500  A),  Ti  (350 
A)  and  Au  (900  A)  on  n-InGaAs  by  an  electron  beam 
evaporator  with  a  base  pressure  below  5xl0“7  Torr.  The 
ohmic  contact  patterns  are  made  by  a  lift-off  technique 
using  the  photolithography  process,  in  which  metal  pads 
have  size  of  100x100  fim2  and  spacing  of  5,  10,  15,  20 
and  30  fim  among  the  pads.  The  ohmic  contact  area  was 
isolated  by  chemical  mesa  etching.  The  final  size  of  each 
smaple  was  about  1. 5x1.5  cm2. 

The  heat  treatment  for  the  ohmic  contact  was  per¬ 
formed  by  the  rapid  thermal  annealing  (RTA)  at  tem¬ 
peratures  ranging  from  300  °C  to  450  °C  for  10  sec¬ 
onds.  Samples  were  surrounded  by  a  SiC  suceptor 
under  forming  gas  (N2/H2)  atmosphere.  The  specific 
contact  resistances  of  the  ohmic  system  were  extract¬ 


Fig.  1.  Schematic  cross-sectional  view  of  the  Pd/Si/ 
Pd/Ti/Au  ohmic  contact  to  n-InGaAs. 
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ed  using  the  standard  transmission  line  method  (TLM). 
Phase  transition  was  analyzed  by  the  wide  angle  (20, 
0-80°)  X-ray  diffraction  (XRD).  Auger  electron  spec¬ 
troscopy  (AES)  was  performed  for  the  elemental  depth 
profile  of  the  samples.  Ohmic  metal  layers  were  sput¬ 
tered  by  Ar+  (10  keV,  48  nA)  ions.  The  kinetic  ener¬ 
gy  levels  for  analyzing  elements  were  InMNN  (397—415 
eV),  GaLMM  (1059-1077  eV),  AsLMM  (1219-1237  eV), 
PdMNN  (317^340  eV),  SiKLL  (1590-1630  eV),  TiLMM 
(368—395  eV),  and  AuNVV  (2000—2035  eV),  respectively. 
The  interfacial  microstructure  of  metals/n-InGaAs  was 
observed  by  a  Philips  CM20T  cross-sectional  transmis¬ 
sion  electron  microscopy  (XTEM),  and  (110)  projection 
centered  beam  image  method  was  used  with  the  acceler¬ 
ating  voltage  of  200  keV. 

III.  RESULTS  AND  DISCUSSION 

Figure  2  shows  the  specific  contact  resistance  ( pc )  of 
the  Pd/Si/Pd/Ti/Au  contact  with  RTA  temperature. 
Before  RTA  treatment,  the  contacts  did  not  show  ohmic 
behavior  due  to  the  presence  of  insulating  Si  layer.  Mod¬ 
erate  specific  contact  resistance  of  2xl0“5  Qcm2  was  ob¬ 
tained  for  sample  annealed  at  300  °C,  which  is  believed 
to  be  due  to  the  unreacted  insulating  Si  layer  remaining 
in  the  ohmic  layers.  As  the  annealing  temperature  was 
increased  up  to  400  °C,  the  specific  contact  resistance 
of  the  sample  showed  the  minimum  value  of  4.3 xlO-7 
Ocm2  as  a  result  of  the  optimum  phase  transformation. 
Ohmic  contact  characteristics  became  slightly  degraded 
for  samples  annealed  at  temperatures  above  425  °C,  but 
relatively  good  resistivities  (—low  10“ 6  Qcm2)  applicable 
to  HBTs  were  maintained  up  to  450  °C. 

Figure  3  shows  the  phase  transitions  between  elements 
composing  the  ohmic  system  with  RTA  temperatures, 
which  is  measured  by  XRD.  There  were  no  detectable 


Fig.  2.  Variation  of  the  specific  contact  resistance  of  the 
Pd/Si/Pd/Ti/Au  contact  to  n-InGaAs  with  RTA  tempera¬ 
ture. 
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Pd/Si/Pd/Ti/Au  Ohmic  Contacts  to  N-type  InGaAs  for  High 


Fig.  3.  XRD  patterns  of  the  Pd/Si/Pd/Ti/Au  contact  to 
n-InGaAs. 


phase  changes  for  samples  annealed  up  to  300  °C  so 
that  original  stoichiometry  of  each  ohmic  layer  was  main¬ 
tained.  By  annealing  at  350  °C  for  10  sec,  the  Pd  and 
Si  layers  reacted  and  formed  Pd2Si  phase.  Pd2Si  phase, 
which  is  known  as  a  metallic  compound  beneficial  to  the 
reduction  of  ohmic  resistance,  began  to  grow  with  in¬ 
creasing  RTA  temperature  up  to  450  °C.  The  remarkable 
increase  in  specific  contact  resistance  after  RTA  above 
425  °C  is  attributed  to  the  formation  of  Pd2Gas  com¬ 
pound.  Therefore,  it  is  believed  that  the  minimum  spe¬ 
cific  contact  resistance  was  obtained  at  400  °C  as  the 
results  of  opposing  effects  of  Pd2Si  and  Pd2Ga5  phases. 
Pd4GaAs  phase,  however,  which  had  been  reported  by 
Yu  et  al.  [10]  for  Pd/Si  ohmic  contact  to  n-GaAs,  was 
not  detected  for  all  the  samples.  In  addition,  Auln2  and 
AuGa  phases  were  not  observed  up  to  450  °C.  Thus,  it 
is  proved  that  the  upper  Pd  and  Ti  layers  act  as  a  good 
barrier  against  Au  diffusion  at  very  high  process  temper¬ 
ature. 

Figure  4  shows  the  AES  depth  profiles  of  the 
Pd/Si/Pd/Ti/Au  contact  annealed  at  typical  tempera¬ 
tures.  For  as-deposited  sample,  each  ohmic  layer  kept 
its  original  status  and  any  atomic  displacement  did  not 
occur.  The  Pd  and  Si  atoms  were  moderately  intermixed 
by  RTA  at  300  °C,  and  their  interactions  were  more  re¬ 
markable  with  increasing  RTA  temperature.  Up  to  450 
°C,  the  out-diffusions  of  the  In,  Ga  and  As  atoms  were 
not  found  as  well  as  the  in-diffusion  of  the  Au  atoms. 
Therefore,  this  phenomenon  well  agrees  with  the  XRD 
results,  in  which  the  Au-based  compounds  such  as  Auln2 
and  AuGa  were  not  identified. 

Figure  5  illustrates  the  interfacial  microstructures  of  - 
the  Pd/Si/Pd/Ti/Au  contact  to  n-InGaAs  observed  by 
XTEM  for  the  samples  as-deposited  and  annealed  at  400 
°C,  respectively.  Planar  and  uniform  interfaces  without 
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Fig.  4.  AES  depth  profiles  of  the  Pd/Si/Pd/Ti/Au  contact 
to  n-InGaAs. 

any  spiking  were  observed  and  maintained  after  RTA  at 
400  °C.  The  Pd-Si  compound  layer  was  also  observed  due 
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Fig.  5.  Cross-sectional  view  of  the  Pd/Si/Pd/Ti/Au  con¬ 
tact  to  n-InGaAs  (a)  as-deposited  (b)  annealed  at  400  °C/10 
sec. 


to  the  intermixing  of  Pd  and  Si.  Accurate  phase  analysis 
of  each  layer  will  be  presented  in  the  future  work. 


IV.  CONCLUSIONS 

The  ohmic  characteristics  of  the  Pd/Si/Pd/Ti/Au  con¬ 
tact  system  to  n-InGaAs  according  to  the  annealing  tem¬ 
peratures  were  investigated,  and  the  correlation  of  its 
electrical  properties  with  microstructures  was  analyzed 
using  TLM,  XRD,  AES  and  XTEM  measurements.  Non- 
ohmic  behavior  was  observed  for  as-deposited  sample. 
Relatively  good  specific  contact  resistances  due  to  the 


formation  of  Pd2Si  phase  were  obtained  by  RTA  above 
350  °C.  For  sample  annealed  at  400  °C,  especially,  the 
minimum  resistance  of  4.3  xlO-7  Qcm2  was  measured. 
At  the  temperature  above  425  °C,  ohmic  performances  of 
samples  were  slightly  degraded  with  increasing  Pd2Ga5 
phase.  Nevertheless,  this  contact  system  showed  such 
thermally  stable  ohmic  properties  as  the  planar  and 
non-spiking  interfaces  besides  moderately  good  resistivi¬ 
ty  (~low  10~6  ficm2)  up  to  450  °C.  It  is  believed  that  the 
Pd/Si/Pd/Ti/Au  ohmic  contact  to  n-InGaAs  is  very  ap¬ 
plicable  for  AlGaAs/GaAs  HBTs  operating  at  high  tem¬ 
perature. 
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Spot-size  converter  (SSC)  integrated  polarization-insensitive  semiconductor  optical  amplifiers 
(SOAs)  with  angled  window  structure  has  been  designed  and  fabricated  using  both  selective  area 
growth  and  successive  lateral  tapering.  A  narrow  beam  divergence  of  8°xl5°,  0.2  dB  amplified 
spontaneous  emission  ripple,  and  0.8  dB  polarization  sensitivity  at  1.55  /im  wavelength  were  obtained 
at  29.7  dB  chip  gain.  This  gain  is  the  highest  value  ever  reported  for  SSC-SOAs  grown  by  selective 
area  growth  techniques. 


I.  INTRODUCTION 

Semiconductor  optical  amplifiers  (SOAs)  are  now  firm¬ 
ly  established  as  key  components  for  optical  networks  and 
telecommunications  systems.  In  addition  to  their  useful¬ 
ness  as  a  optical  amplifier,  they  can  perform  a  variety 
of  other  signal  processing  and  control  functions  includ¬ 
ing  wavelength  conversion,  optical  demultiplexer,  disper¬ 
sion  compensation,  optical  switch,  and  3R  (2R)  signal  re¬ 
generator.  Polarization  insensitive  gain,  high  saturation 
output  power,  and  short  gain  recovery  time  are  desirable 
features  for  most  of  system  applications.  Polarization  in¬ 
dependent  SOA  structures  based  on  tensile  strained  mul¬ 
tiple  quantum  wells  and  tensile  strained  bulks  have  been 
reported  [1,2],  The  use  of  spot-size  converters  (SSC)  at 
both  ends  of  gain  medium  is  very  promising  because  it 
can  improve  the  coupling  efficiency  and  consequently  re¬ 
duce  the  effective  reflectivity  [3,4].  Three  main  classes  of 
SSC  have  been  developed  to  deconfine  and  thus  to  ex¬ 
pand  the  optical  mode  in  the  waveguide.  The  first  one 
is  the  vertical  SSC  [5,6]  in  which  the  waveguide  thick¬ 
ness  is  varied  from  the  active  waveguide  to  the  output 
facet.  In  the  second  class  [7,8],  the  taper  is  formed  by 
decreasing  the  waveguide  width.  In  these  classes,  the  ta¬ 
per  is  either  passive  or  active.  In  the  third  class  [9,10], 
the  so-called  double-core  taper,  the  active  waveguide  is 
laterally  tapered  and  combined  with  underlying  passive 
waveguide.  Such  a  combination  allows  to  easily  control 
the  beam  divergence  at  the  output  facet. 

In  this  letter,  SSC  has  been  realized  by  combination  of 
thickness  variation  by  selective  area  growth  (SAG)  and 
width  variation  by  lateral  tapering.  We  report  the  fabri¬ 
cation  and  evaluation  of  the  1.55  /i m  polarization  insen¬ 
sitive  SSC  integrated  SOA  with  angled  window  structure 
for  the  first  time. 


II.  SOA  STRUCTURE  AND  FABRICATION 

The  growth  conditions  for  the  SAG  were  similar  to 
those  of  the  non-SAG  [11],  all  the  growth  were  performed 
in  a  vertical  reactor  in  metal  organic  chemical  vapor  de¬ 
position  (MOCVD),  at  60  torr  and  600  °C.  The  growth 
rate  i.e .,  the  flow  rates  of  the  III  group  sources,  was  only 
reduced  by  one  fourth  of  the  growth  rate  for  non-SAG, 
which  confirms  that  there  is  no  growth  on  the  Si02  mask 
by  the  nucleation  process.  The  rectangular  Si02  mask 
for  SAG  was  tilted  by  7°  from  the  crystal  axis  to  fab¬ 
ricate  the  tilted  waveguide  after  structure  growth.  The 
open  area  width  between  two  S1O2  masks  was  fixed  to  15 
/im.  The  quality  of  the  epilayer  by  SAG  with  the  tilted 
mask  was  comparable  to  that  of  the  normal  SAG.  Figure 
1  shows  the  thickness  enhancement  factors  against  the 
SiC>2  mask  widths  for  InP,  InGaAsP  (A=1.3  f/m),  and 
InGaAsP  (A=1.55  fi m).  The  thickness  enhancement  fac¬ 
tor  is  defined  by  the  ratio  between  the  growth  rate  at 
the  open  area  placed  between  masks  and  the  growth  rate 
at  the  region  without  mask.  The  thickness  enhancement 
factor  was  increased  with  mask  area  width  and  was  sat¬ 
urated  at  250  /im,  which  implied  the  diffusion  length  of 
the  III  group  sources  were  about  125  /im  in  our  growth 
conditions.  In  our  SAG  scheme,  the  increase  the  growth 
rate  at  open  area  results  from  the  gas  phase  diffusion  of 
the  Ill-group  source  from  mask  area.  The  material  with 
high  Ga  composition  has  a  small  thickness  enhancement 
factor,  which  was  explained  by  the  different  diffusion 
length  of  In  and  Ga  radicals  in  gas  phase.  The  thick¬ 
ness  enhancement  factor  was  greater  than  3  at  150  fim 
wide  masks. 

The  spatial  uniformities  of  the  photoluminescence 
(PL)  wavelength  and  PL  intensity  for  the  InGaAsP 
(A=1.55  /im)  to  the  lateral  direction  are  shown  in  Fig. 
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Fig.  1.  Mask  area  width  dependence  of  the  thickness  en¬ 
hancement  factor  of  InP  and  InGaAsP  for  the  15  /zm  open 
area  width. 


Lateral  position(nm) 

Fig.  2.  The  PL  wavelength  and  intensity  distribution  of  the 
InGaAsP  (A=1.55  /zm)  to  the  lateral  direction  for  the  15  mm 
open  region  and  150  mm  mask  width. 


2.  The  uniform  region  was  about  8  /zm  at  the  center  of 
the  15  /zm  open  area.  This  uniform  region  is  sufficient 
to  fabricate  the  p-n  buried  hetero-structure  by  using  the 
conventional  photo-lithography  process. 

The  schematic  diagram  of  the  SSC-SOA  is  shown  in 
Fig.  3.  The  active  stripe  of  this  device  is  tilted  by  7° 
from  the  crystal  axis.  The  SSC  is  located  at  the  end  of 
gain  region  consists  of  a  vertically  and  laterally  tapered 
passive  region  followed  by  a  window  region.  To  obtain 
SSC,  the  thickness  of  waveguide  in  the  taper  region  was 
reduced  one  third  by  SAG  technique  and  the  width  was 
reduced  linearly  from  1  /zm  (wide  region  end)  to  0.2  /zm 
(narrow  region  end)  by  conventional  lithography  and  wet 


AR  coating 


Fig.  3.  Schematic  diagram  of  polarization  insensitive  SSC- 
SOA  with  angled  window  structure. 


etching.  Lengths  for  the  passive  and  active  sections  are 
450  /zm  and  600  /zm,  respectively.  The  total  length  of  the 
device  is  1500  /zm.  The  active  region  of  device  consists 
of  0.2  /zm  thick  slightly  tensile  strained  bulk  InGaAsP 
(A=1.55  /zm)  active  layer  and  0.1  /zm  thick  InGaAsP 
(A=1.3  /zm)  waveguides,  which  were  grown  by  SAG  tech¬ 
nique  using  MOCVD  to  implement  SSC  regions  simulta¬ 
neously.  The  polarization  insensitivity  of  slightly  tensile 
bulk  SOA  have  been  obtained  when  Aa/a—— 0.065  %  in 
the  active  medium  [12].  For  SSC-SOA  by  SAG,  polariza¬ 
tion  sensitivity  of  gain  could  be  obtained  by  controlling 
the  strain  amount  of  the  non-SAG  region  because  there 
is  a  fixed  strain  relation  between  SAG  and  non-SAG  re¬ 
gions.'  The  amount  of  tensile  strain  in  the  SAG  region 
could  be  estimated  by  performing  double  crystal  x-ray 
diffraction  measurement  on  the  non-SAG  region.  After 
growth,  the  Si02  masks  for  SAG  were  removed  and  nar¬ 
row  mesa  stripes  were  formed  along  the  SAG  regions. 
The  width  of  the  active  wave-guide  is  1  /zm  in  the  cen¬ 
tral  gain  section  and  reduced  down  to  less  than  0.2  /zm 
at  the  taper  end.  For  linear  tapering  in  lateral  direction, 
special  wave-guide  design  is  needed  to  reduce  the  loss  in 
the  transition  region  between  SAG  and  non-SAG  region. 
InP  p-n  current  blocking  layers  were  selectively  grown 
at  the  special  conditions  and  8  /zm  thick  p-InP  cladding 
layers  were  grown  successively  to  complete  the  BH  struc¬ 
ture.  After  fabrication,  both  facets  were  AR  coated  by 
Si02/TiC>2  to  minimize  the  reflection  from  the  cleaved 
facet. 


III.  RESULTS  AND  DISCUSSIONS 

Figure  4  shows  a  typical  far-field  of  the  SSC-SOA  at 
a  bias  current  of  150  mA.  The  FWHM  was  found  to  be 
8°  in  the  horizontal  and  15°  in  the  vertical  directions  re¬ 
spectively.  The  coupling  loss  was  less  than  4  dB  by  using 
tapered  lensed  single  mode  fiber.  The  gain  measurement 
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Fig.  4.  Horizontal  and  vertical  far-field  patterns  of  SSC- 
SOA  at  150  mA  Cross:  horizontal  far-held,  Square:  vertical 
far-held. 


Fig.  5.  SOA  gain  characteristics  vs.  current  at  Pin=— 20 
dBm  and  A=1.55  fim. 

was  performed  by  coupling  tapered  lensed  fibers  to  both 
facets.  The  gain  characteristics  vs.  driving  currents  for 
both  TE  and  TM  modes  at  wavelength  of  1.55  /im  for  a 
—20  dBm  input  power  are  shown  in  Fig.  5.  The  SOA 
chip  gain  was  as  large  as  29.7  dB  at  200  mA.  The  polar¬ 
ization  sensitivity  is  remained  less  than  0.8  dB  over  the 
entire  range  of  driving  current.  The  gain  as  a  function 
of  output  power  at  200  mA  and  wavelength  of  1.55  /im 
is  shown  in  Fig.  6.  The  3  dB  saturation  output  power 
was  6.1  dBm  at  the  output  facet.  The  saturation  out¬ 
put  power  of  9.5  dBm  have  been  reported  [2].  Saturation 


; — i - • - 1 - < - 1 - ■ - 1  ■  ; 

30 

27 

v 

PQ 

*5  24 

6  dBm  - 

21 

- 

18 

i  i  *  i 

-10  -5  0  5  10 

Power  at  output  facet(dBm) 

Fig.  6.  SOA  gain  as  a  function  of  output  power  at  1=200 
mA  and  A=1.55  /xm. 
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Fig.  7.  Polarization  resolved  ASE  spectra  of  SSC-SOA  at 
60,  100,  200  mA. 


output  power  depends  on  the  saturation  gain,  length  of 
the  gain  medium,  and  facet  reflectivity.  Low  saturation 
output  power  of  our  device  is  originated  from  the  short 
active  medium  length  compare  to  reported  data  [2].  Fig¬ 
ure  7  shows  the  polarization  resolved  amplified  sponta¬ 
neous  emission  (ASE)  spectra  measured  at  60,  100,  and 
200  mA.  At  100  mA,  the  3  dB  optical  bandwidth  of  the 
ASE  spectrum  was  40  nm  and  polarization  sensitivity 
was  1.5  dB  at  1.55  /im  wavelength.  The  amplitude  of  the 
gain  ripple  was  less  than  0.2  dB  even  at  200  mA.  This 
fairly  small  gain  ripple  corresponds  to  the  reflectivity  of 
less  than  10-5  on  both  facets  [13].  This  value  is  nor¬ 
mally  obtainable  with  the  help  of  angled  stripe,  window 
structure,  and  proper  AR  coating. 
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IV.  CONCLUSIONS 

We  have  developed  novel  SSC  integrated  polarization- 
insensitive  SOAs  with  angled  window  structures  using 
both  angled  SAG  and  successive  lateral  tapering  for  the 
first  time.  A  very  narrow  beam  divergence  of  8°  x  15°  was 
obtained  by  vertical  and  lateral  tapering  of  wave-guide. 
The  ASE  ripple  wets  0.2  dB  by  angled  window  structure 
and  proper  AR  coating.  The  polarization  sensitivity  of 
0.8  dB  was  obtained  at  29.7  dB  chip  gain  by  controlling 
the  amount  of  tensile  strain.  This  gain  is  the  highest 
value  ever  reported  for  SSC-SOAs  grown  by  SAG  tech¬ 
niques. 
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A  polarization-insensitive  laterally  tapered  travelling- wave  semiconductor  laser  amplifiers 
(TWSLAs)  with  a  narrow  circular  beam  divergence  have  been  fabricated  using  metal-organic  vapor 
phase  epitaxy  (MOVPE)  technique.  A  narrow  circular  beam  divergence  of  20°x20°,  an  amplified 
spontaneous  emission  (ASE)  ripple  of  1.0  dB,  and  a  polarization  sensitivity  of  1.5  dB  were  obtained 
at  27.8  dB  chip  gain. 


I.  INTRODUCTION 

TWSLAs  will  be  key  components  in  future  optical  net¬ 
works  as  they  are  able  to  perform  a  wide  range  of  func¬ 
tions  including  linear  amplification,  dispersion  compen¬ 
sation,  signal  processing  and  wavelength  conversion.  For 
enhancing  fiber  coupling  efficiencies,  narrow  beam  diver¬ 
gences  Le.,  integration  of  spot-size  converter  is  quite  an 
efficient  tool.  Several  approaches  had  been  tried  for  this 
purpose  [1—3] .  The  use  of  single  lateral  taper  in  TWSLAs 
with  an  angled  window  structures  is  very  simple  and 
promising  because  the  device  can  be  easily  realized  but 
shows  a  relatively  good  performance  [3].  In  this  letter,  we 
report  the  fabrication  and  evaluation  of  1.55  /im  single 
lateral  tapered  polarization  insensitive  TWSLAs. 

II.  TWSLA  DESIGN  AND  FABRICATION 

The  device  has  a  lateral  taper  at  each  facet  for  ex¬ 
panding  the  mode  size.  The  stripe  is  oriented  at  7°  to 
the  crystal  axis.  The  respective  lengths  are  600  /im  for 
the  active  section,  180  /im  for  the  taper  section  and  20 
/im  for  the  window  section.  The  total  length  of  the  de¬ 
vice  is  1.0  mm.  Fig.  1  shows  the  schematic  diagram  for 
our  device  with  single  laterally- tapered  core.  The  device 
consists  of  a  0.2  /im  thick  slightly  tensile  strained  bulk 
InGaAsP  (A=1.55  /im)  active  layer,  which  is  sandwiched 
between  0.1  /im  thick  InGaAsP  (A—1.3  /im)  waveguides. 
The  polarization  insensitive  condition  was  obtained  at 
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Fig.  1.  Schematic  diagram  of  TWSLA. 


Aa/a=— 0.065  %  in  the  active  medium  [4].  By  applying 
tensile  strain  in  the  bulk  quaternary  active  layer,  we  can 
easily  get  polarization  insensitive  condition  without  go¬ 
ing  into  sub-micron  mesa  width.  A  tensile  strain  in  the 
active  layer  enhance  TM  gain  by  raising  the  position  of 
the  light-hole  band  i.e.  by  controlling  both  the  amount 
of  tensile  strain  and  the  width  of  the  mesa  stripe,  we  can 
get  polarization  insensitive  conditions  [3] .  All  the  growth 
were  performed  by  MOVPE  at  60  torr  and  600  °C.  The 
width  of  the  active  waveguide  is  tightly  controlled  to  1 
(im  in  the  central  gain  section  and  less  than  0.2  /zm  in 
the  tapered  regions.  For  achieving  adiabatic  mode  size 
expansion  and  low  loss  in  the  angled  stripe,  a  special 
mask  design  and  fabrication  are  needed  to  reduce  the  step 
height  in  the  angled  tapered  stripe  photomask.  The  slope 
of  the  tapered  region  was  maintained  less  than  6  mRad 
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to  achieve  adiabatic  mode  size  expansion  process.  The 
stripe  formation  was  performed  by  wet  chemical  etching 
by  HBr-containing  solutions.  After  the  stripe  formation, 
InP  p-n  current  blocking  layers  were  selectively  regrown 
and  after  removing  dielectric  mask,  a  2  ^m  thick  p-InP 
cladding  layer  and  a  0.2  fim  p+-InGaAs  capping  layer 
were  overgrown  over  it.  After  fabrication,  both  facets 
were  Anti-Reflection  (AR)  coated  using  a  single  pair  of 
Ti02/Si02  multi-layer  films.  The  thickness  of  each  coat¬ 
ing  material  was  calculated  assuming  plane  waves  at  nor¬ 
mal  incidence  so  that  the  minimum  reflectivity  occurred 
at  1550  nm.  Then  they  were  modified  slightly  to  account 
for  the  angled  effect  and  the  waveguide  structure.  The 
films  were  RF  sputter-deposited  sequentially  with  a  base 
vacuum  better  than  lxlO"6  mbar.  The  deposition  pres¬ 
sure  was  around  lxlO-3  mbar. 

III.  RESULTS  AND  DISCUSSIONS 

Fig.  2  shows  the  SEM  images  of  etched  mesa  stripe 
profiles.  Along  reverse-mesa  direction,  we  can  get  nearly 
vertically  etched  profile  but  along  forward-mesa  direc¬ 
tion,  the  etched  angle  is  around  45°.  For  realizing  ver¬ 
tically  etched  mesa  profile,  a  special  layer  was  inserted 


(a)  (b) 

Fig.  2.  SEM  view  of  mesa-etched  stripe  (a)  Reverse  mesa 
direction  [1,— 1,0]  (b)  Forward  mesa  direction  [1,1,0]. 
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Current{mA) 

Fig.  3.  Typical  L-I-V  characteristics  of  TWSLA. 

between  InP  and  mask  layers.  Fig.  3  shows  the  typical 
L-I-V  characteristics  of  TWSLAs  at  the  room  tempera¬ 
ture  pulsed  operation  condition.  The  threshold  current 
was  50  mA  and  the  slope  efficiency  was  ~0.1  W/A.  The 
slope  efficiency  is  quite  low  comparing  with  that  of  con¬ 
ventional  laser  diode.  It  is  because  of  the  angle  and  win¬ 
dow  effect.  The  linearity  was  quite  good  up  to  150  mA.  It 
confirms  that  p-n  current  blocking  layer  works  properly. 
Without  AR  coating,  the  center  wavelength  was  ~1550 
nm,  but  after  AR  coating,  it  moved  down  to  1530  nm. 


Angle(degree)  Angle(degree) 

Fig.  4.  Far-held  patterns  of  TWSLA  (a)  and  (b)  represent  the  FFP  for  lateral  and  horizontal  direction,  respectively. 


1550  nm  Polarization  Insensitive  Laterally  Tapered  Travelling-Wave  -  J.  R.  KlM  et  al. 
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Fig.  4  shows  a  typical  far-field  pattern  of  the  TWSLA  at 
a  bias  current  of  150  mA.  The  FWHM  was  20°  in  both 
horizontal  and  vertical  directions.  The  far-field  angles  of 
SOA  are  typically  50°  x 50° without  lateral  tapering.  But, 
with  lateral  tapering,  routinely  we  can  get  circular  beam 
divergence  of  20°x20°.  The  gain  measurement  was  per- 


Fiber  input  power  (dBm) 

Fig.  5.  Chip  gain  vs.  fiber  input  power  at  A=1.55  fim. 
Circles  and  squares  represent  the  injection  current  of  100  mA 
and  200  mA,  respectively. 


1520  1540  1560  1580 

Wavelength  (nm) 


Fig.  6.  Polarization  resolved  ASE  spectra  of  TWSLA  at  60, 
100,  and  150  mA.  Solids  and  dots  represent  the  TE  and  TM 
polarization,  respectively. 


formed  by  coupling  tapered  lensed  fibers  to  both  facets. 
By  the  tunable  laser,  input  optical  signal  was  launched 
into  SOA  and  the  amplified  output  signal  was  monitored 
by  optical  spectrum  analyzer.  The  gain  vs.  fiber  input 
power  characteristics  at  1.55  /im  is  shown  in  Fig.  5.  The 
signal  gain  as  large  as  27.8  dB  was  obtained  at  200  mA. 
Fig.  6  shows  the  polarization  resolved  ASE  spectra  mea¬ 
sured  at  60,  100  and  150  mA.  At  100  mA,  the  3  dB  optical 
bandwidth  of  the  ASE  spectrum  was  40  nm.  The  ASE 
ripple  amplitude  of  less  than  1.0  dB  is  observed  at  150 
mA.  This  small  ASE  ripple  corresponds  to  the  reflectiv¬ 
ity  of  l.OxlO-4  at  both  facets.  This  value  is  normally 
obtainable  with  the  angled,  window  structure  and  AR 
coating.  The  polarization  sensitivity  was  1.5  dB  at  200 
mA,  which  was  made  possible  by  controlling  precisely 
the  tensile  strain  amount  of  the  active  layer.  More  than 
20  dB  fiber-to-fiber  gain  was  measured  at  200  mA  and 
the  fiber  coupling  efficiencies  per  facet  were  ~50  %  using 
AR-coated  tapered  fibers  with  15  \i m  lenzed  core. 

IV.  CONCLUSIONS 

We  have  developed  polarization-insensitive  laterally 
tapered  TWSLAs  with  angled  window  structures  using 
MOVPE  technique.  A  narrow  circular  beam  divergence 
of  20°x20°  was  obtained  by  well  defined  single  lateral 
tapering.  The  ASE  ripple  was  1.0  dB.  The  polarization 
sensitivity  of  1.5  dB  was  obtained  at  27.8  dB  chip  gain 
by  controlling  the  amount  of  tensile  strain  in  the  active 
layer. 
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The  field  emission  from  the  nitrogen-doped  diamond  is  theoretically  calculated.  To  investigate 
the  effects  of  the  geometry  of  the  metal-diamond  interface,  we  model  the  metal  protrusion  as  either 
a  sphere  or  a  hyperboloid.  The  potential  profiles  in  the  depletion  layer  are  calculated  as  a  function  of 
the  tip  geometry,  the  charge  concentration,  and  the  Schottky  barrier.  Then  the  field  emission  current 
densities  are  evaluated  as  the  three  parameters.  The  emission  current  is  assumed  to  be  identical 
to  the  internal  field  emission  current  through  the  metal-diamond  barrier.  The  comparison  between 
the  theoretical  and  the  experimental  emission  current  leads  to  finding  the  values  of  the  radius  of 
curvature  of  the  protrusion,  the  charge  concentration  in  the  depletion  layer,  and  the  Schottky  barrier 
height.  It  is  also  found  that,  in  describing  both  the  potential  profile  and  the  depletion  layer  width, 
the  hyperboloidal  model  is  more  appropriate  than  the  spherical  one. 


I.  INTRODUCTION 

Diamond  has  recently  received  great  interest  as  an 
ideal  material  for  cold  cathode  field  emitters.  There 
has  been  much  activity  in  developing  composite  thin 
film  diamond  devices  for  use  as  high-current,  low-power 
field  emission  electron  sources  [1 — 3] .  Difficulties  asso¬ 
ciated  with  n-doping  of  diamond  still  persist  and  non- 
substitutional  doping  may  be  impossible  [4]. 

Recently,  protypes  of  diamond  field  emission  devices 
have  been  fabricated  by  Geis  et  al  [5,6]  and  Okanao  et 
al.  [7].  Geis  et  al.  made  a  vacuum  device  of  a  N-doped 
diamond  with  a  roughened  metal  cathode  [see  Fig.  1]  and 
obtained  very  low  turn-on  voltages  for  electron  emission 
(~8  V).  Such  low  onset  voltages  are  explained  to  be  due 
to  the  easy  injection  process  at  the  back-contact.  In  the 
region  near  the  metal,  even  the  substitutionally  doped 
nitrogens  can  be  ionized  by  electron  tunneling  from  N  to 
the  metal  [8,9].  Due  to  the  roughening  process,  there  ex¬ 
ist  cone-like  tips,  which  protrude  into  the  diamond.  Thus 
electrons  are  easily  injected  by  tunneling  through  a  sharp 
potential  formed  due  to  both  a  large  charge  concentra¬ 
tion  and  a  small  radius  of  curvature  of  the  metal  tip. 
Once  an  electron  is  in  the  conduction  band,  it  has  Quasi- 
ballistically  traversed  the  width  of  the  diamond  film  [10]. 
Then  it  can  slip  into  vacuum,  without  further  accelera¬ 
tion  by  the  field,  because  of  the  negative  electron  affinity 
(NEA)  surface  of  the  diamond  crystal  [11-13]. 


*  E-mail:  mschung@uou. ulsan.  ac.kr 


Fig.  1.  Field  emission  from  a  sharp  metallic  emitter  embed¬ 
ded  in  nitrogen-doped  diamond.  A  depletion  layer  is  formed 
due  to  only  charge  transfer  from  the  diamond  to  the  metal 
by  tunneling.  Unlike  conventional  n-doping,  substitutional 
nitrogen-doping  does  not  produce  carriers  directly  in  the  con¬ 
duction  band. 


The  experimental  work  of  Geis  et  al.  has  been  theo¬ 
retically  explained  by  Lerner  et  al.  [14].  They  used  the 
spherical  tip  model  to  find  the  properties  of  the  poten¬ 
tial  profile  in  the  depletion  layer  and  calculated  the  field 
emission  current  j.  However,  they  used  the  parametrized 
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Fowler- Nor dheim  equation  to  get  j  in  agreement  with 
experiment.  Thus  the  full  calculation  is  necessary  to 
understand  both  the  properties  of  Schottky  barrier  and 
the  injection  mechanism.  The  metal  tip  protruded  in¬ 
to  diamond  can  be  model  as  either  a  sphere  or  a  hy¬ 
perboloid.  In  comparison  with  the  spherical  model,  the 
hyperboloidal  model  is  more  complex  but  more  exact  in 
evaluation  of  the  geometrical  effects. 

In  the  paper  we  first  discuss  a  full  calculation  of  j  using 
a  more  exact  spherical  tip  model.  Next,  we  formulate  a 
hyperboloidal  model  and  calculate  the  field  emission  cur¬ 
rents  by  assuming  that  the  injection  current  is  identical 
to  the  field  emission  current.  The  calculations  are  made 
exactly  in  principle.  The  current  work  is  similar  to  the 
previous  work  [15]  but  includes  the  exact  treatment  of 
the  spherical  model. 


II.  SPERICAL  MODEL  OF  A 
METAL-DIAMOND  JUNCTION 


barrier  and  the  bottom  of  the  diamond  conduction  band 
in  the  absence  of  a  field.  Then  we  have  V(r  —  R  +  W)  = 
— <I> Bn  +  VB  ,  which  leads  to  an  equation 

W3  +  \rW3  -  =  0.  (5) 

2  4  ireNd 

The  solution  of  the  cubic  equation  is 


f  [(t+vw=iy'3+{t  -  'f?r= T)1/3 "  1],  t  >  1 

f(2cos0/3-l),  *<1 

(6) 


where 

,  -  i 

-  neNdR 2 

6  =  cos  ~lt. 


(7) 

(8) 


Similar  to  V(r),  W  is  given  a  function  of  R ,  Nd,  and  $Bn 

(i.e.  VB). 


In  developing  a  spherical  model,  we  follow  Geis  et  al. 
[5]  and  Lerner  et  al.  [14]  to  describe  protrusions  on  the 
metal  surface  as  spheres.  Because  of  the  strong  depen¬ 
dence  of  the  current  on  the  field,  the  electron  emission 
starts  from  the  sharpest  tips,  i.e.  those  with  the  highest 
curvature.  Emission  from  a  protrusion  is  the  internal  tun¬ 
neling  through  the  potential  barrier  from  the  metal  into 
the  diamond.  The  potential  V{r)  due  to  space  charges  in 
the  depletion  layer  is  the  solution  of  the  spherically  sym¬ 
metric  part  of  the  three-dimensional  Poisson  equation 


with  boundary  conditions 

V(R)  =  -<I>Bn,  (2) 

dV(r)/d\r=R+w  =  0.  (3) 

Here,  e  is  the  dielectric  constant  of  diamond  (=5.7),  W  is 
the  width  of  a  depletion  layer  and  <£#„  is  the  height  of  a 
Schottky  barrier  between  metal  and  the  n-type  semicon¬ 
ductor.  We  assume  that  the  charge  density  for  p  —  eN<t 
for  R  <  r  <  R  +  W  (in  the  depletion  layer)  and  p  =  0 
for  r  >  R+  W  (outside  the  depletion  layer),  where  Nj  is 
the  concentration  of  the  charged  nitrogens.  The  solution 
of  Eq.  (1)  satisfying  the  boundary  conditions  of  Eqs.  (2) 
and  (3)  is  given  by 

V(r)  =  -4>B„  +  ^^p!2-r2)/ 2  (4) 

+(#  +  Wf(\/R-  1/r)],  R<r<R+W 

As  shown  in  Eq.  (4),  V{r)  is  given  a  function  of  R ,  Nd, 
and  $Bn. 

We  set  VB  to  be  the  potential  drop  over  the  depletion 
layer,  i.e.  the  difference  between  the  peak  of  a  Schottky 


III.  HYPERBOLOIDAL  MODEL  OF 
METAL-DIAMOND  JUNCTION 

Protrusions  on  the  metal  look  like  a  cone.  Thus 
the  field  emission  phenomena  may  be  well  described 
by  a  hyperboloidal  tip  model  [15].  A  hyperboloid  is 
given  by  the  coordinate  surface  of  P  =  P0  in  prolate 
spheroidal  coordinates  (a,  ft,  <p).  The  transformations 
are  x  =  asm  ha  sin  ft  cos  (p,  y  =  a  sin  ha  sin  ft  sin  (p,  and 
z  —  a  cos  ha  cos  ft,  where  a  is  the  focal  length  (see  Fig. 
2). 

Similarly  to  the  spherical  model,  the  electric  poten¬ 
tial  V  satisfies  the  axially  symmetric  part  of  the  3- 
dimensional  Poisson  equation 


Fig.  2.  Prolate  spheroidal  coordinates  (a,  ft,  ip).  A  hy¬ 
perboloid  is  given  by  /?=constant  and  is  used  as  a  shape  of 
the  cathode.  The  transformations  are  x  =  a  sin  ha  sin  ft  cos  p, 
y  =  a  sin  ha  sin  ft  sin  (p,  z  =  a  cos  ha  cos  ft,  where  a  is  the  focal 
length. 
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a2(sin/i2a  +  sin2  / 3 ) 
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sin  ha  da 


j  i  d 
+  sin  P  dp 


47t  p 

€ 


(9) 


with  the  boundary  conditions  are  V(fi0)  =  -$Bn  and 
=  0  [15].  The  charge  density  is  assumed  to  be 

p  =  eNd  for  po  <  P  <  Pi  (in  the  depletion  region)  and 
p  =  0  for  P  >  Pi  (outside  the  depletion  region). 


For  description  of  field  emission,  we  do  not  need  the 
solution  of  the  Poisson  equation  in  the  whole  region  but 
only  in  the  emission  region,  i.e.  along  the  z-axis.  In  the 
region  of  interest  (a  =  0),  the  solution  of  Eq.  (9)  satis¬ 
fying  the  required  boundary  conditions  is  [15] 


vW)  = 


Nda2 

3c 


2  ln  +  |(si"2  ^  "  si"2  #>)' 

sin  IDq  2 


cos Pi(2  +  sin2  Pi)  In 


tan  PI 2 


tan  Pol 2j 


-  $Bn 


(10) 


The  geometrical  parameters  a  and  p0  are  related  to 
the  radius,  R,  of  curvature  of  the  emitter.  If  the  surface 
is  given  by  /?  =  p0)  then  R  is  given  by 

.ft  =  a  sin  p0  tan  po .  (11) 

The  coordinate  P\  is  determined  by  the  potential  drop 
Vb  over  the  depletion  layer.  At  the  same  time,  the  width 
W  of  the  depletion  layer  along  the  z-axis  is  obtained: 

W  =  a(cospo  -  cos  pi ) ,  (12) 

where  is  given  from  Eq.  (11). 

The  use  of  Eqs.  (11)  and  (12)  make  it  possible  to 
replace  P0  and  Pi  by  more  apparent  quantities  R  and 
W  in  Eq.  (10).  We  had  also  better  change  the  position 
variables  from  P  to  z  ,  where  z  is  the  distance  from  the 
surface  of  P  =  p0.  By  argument  analogous  to  Eq.  (12) 
for  W ,  we  easily  have  z  =  a(cos  P0  -  cos  P).  Now  we  can 
obtain  the  electric  potential  as  a  function  of  z  for  given 
R ,  Wj  and  The  obtained  potential  energy  is  used 

in  evaluation  of  transmission  coefficients,  which  are  also 
used  in  calculation  of  emission  currents. 

IV.  INTERNAL  FIELD  EMISSION 

The  internal  field  emission  from  the  metal  into  the  di¬ 
amond  is  the  same  process  as  the  tunneling  from  the  ma¬ 
terial  to  vacuum.  The  difference  is  that  a  space  charge 
exists  in  diamond,  while  no  space  charge  exists  in  vacu¬ 
um.  The  current  density  of  the  internal  emission  is  then 
given  by  the  following  equation  [16] 

Annie  f 

j  =  — J  f{E)D{E  -  Et)dEtdE  (13) 

where  e  is  the  electronic  charge,  E  the  total  energy,  Et 
the  transverse  component  of  Ey  f(E)  the  Fermi  distri¬ 
bution  function,  and  D(En)  the  transmission  coefficient 
with  normal  energy  En  =  E  —  Et. 

To  investigate  the  effects  of  the  tip  geometry  and  the 
ion  concentration  more  exactly,  we  employed  the  scheme 
of  Lui  and  Fukuma  [17]  for  D(En ).  The  basic  idea  of  that 
scheme  is  the  use  of  the  Airy  function  which  is  the  exact 


solution  of  the  Schrodinger  equation  in  the  linear  poten¬ 
tial  region.  By  dividing  the  whole  domain  into  very  many 
subdivisions  and  matching  each  solution  at  the  bound¬ 
ary,  we  find  D(En)  for  the  Schottky  barrier.  An  elec¬ 
tron  injected  into  the  conduction  band  propagates  quasi- 
ballistically  through  the  diamond  thin  film.  The  NEA 
of  diamond’s  surface  allows  the  electron  to  escape  into 
vacuum  with  minimal  or  zero  potential  drop.  Therefore, 
the  internal  field  emission  from  the  metal  into  the  dia¬ 
mond  at  the  back  contact  can  be  identified  with  the  field 
emission  through  the  whole  device. 


V.  CALCULATIONS  AND  RESULTS 

We  calculate  the  electric  potential  energies  —  eV(z) 
for  several  ft’s  and  Nj' s.  In  the  calculation,  we  use 
eVs  —  EF  +  e$Bn)  where  Ep  —  6.0  eV,  the  Fermi  energy 
of  Ni.  For  comparison  with  the  work  of  Geis  et  a/.,  we 
use  a  Ni  metal  tip.  These  potential  energies  with  respect 
to  the  Fermi  energy  of  diamond  are  shown  in  Fig.  3(a) 
for  a  spherical  model  and  in  Fig.  3(b)  for  a  hyperboloidal 
model.  As  expected,  sharp  drops  are  seen  near  the  junc¬ 
tion.  The  larger  the  curvature  of  the  emitter  surface, 
the  larger  the  barrier  reduction  and  the  thinning.  When 
Nd  ~  1019/cm3,  R  — ►  oo  (a  flat  surface),  and  <&Bn  =  4.0 
eV  [7,18,19],  we  obtained  W  =  250  A  for  both  a  spherical 
and  a  hyperboloidal  tip.  Figure  4(a)  and  (b)  also  show 
that  the  depletion  layer  width  W  depends  on  the  curva¬ 
ture  for  several  values  of  A^.  It  can  be  seen  that  a  large 
reduction  of  W  is  made  as  R  decreases  or  Nd  increases. 
The  effect  of  high  nitrogen-  doping  is  twofold.  Firstly,  the 
field  creates  a  space  charge  near  the  metal,  producing  a 
sharp  drop  in  the  field  strength.  Secondly,  the  depletion 
layer  is  thin  enough  to  facilitate  field-emission  transport 
through  the  resulting  Schottky  barrier.  The  effect  of  the 
ion  concentration  is  more  effective  than  the  curvature  in 
producing  a  barrier  reduction  and  thinning.  This  also 
implies  that  the  depletion  layer  is  most  important  for 
the  injection  process. 

Now  we  find  the  electric  potential  energy  U(z)y  which 
will  be  used,  for  the  calculation  of  the  transmission  co- 
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Distance  from  Metal  (A) 


Fig.  3.  Potential  in  the  depletion  layer  for  a  spherical  emit¬ 
ter  (a)  and  for  a  hyperboloidal  emitter  (b).  These  are  plotted 
with  respect  to  the  Fermi  energy  of  diamond,  where  the  Fer¬ 
mi  energy  of  the  metal  (Ni)  is  6  eV.  We  choose  the  ionized 
nitrogen  concentration  Nd  —  1019/cm3,  the  Schottky  barrier 
height  $Bn  =  4.0  eV,  and  the  radius  of  curvature  R  =  20,  50, 
100  (or  250)  A,  oo). 


efficient  D(E).  With  respect  to  the  Fermi  energy  of  di¬ 
amond,  U(z)  is  a  sum  of  the  electric  potential  —  eV(z) 
due  to  space  charge,  the  image  interaction  U{m,  and  the 
field  energy  —eFz/c: 

U (z)  =  Ef-  eV(z)  +  Uim  ~  eFz/e.  (14) 


It  is  clear  that  U{m  has  curvature  dependence.  Approxi¬ 
mating  the  curved  surface  as  a  sphere,  we  have  [20] 


_e2  /  1  1 

Uim{z)  ~  ~A  (  ;  J  .  0  r> 

4e  \z  +  Zi  z  +  Zi  4-  2/t 


where  z  is  the  distance  measured  from  the  curved  sur¬ 
face  and  represents  the  image  plane.  In  the  limiting  case 
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Fig.  4.  Plot  of  the  width  of  depletion  layer  vs.  the  radius  of 
curvature  for  a  spherical  emitter  (a)  and  for  a  hyperboloidal 
emitter  (b).  We  choose  4>sn  =  4.0  eV  and  Nd  —  0.50  (a),  0.75 
(b),  1.00  (c),  1.50  (d)  xl019/cm.  It  is  shown  that  W  depends 
strongly  on  Nd  as  well  as  on  R. 


of  R  — y  oo,  Uim  becomes  — e2/(4 e(z  +  z2)),  the  image 
interaction  for  a  flat  surface.  This  implies  that  the  im¬ 
age  potential  for  a  curved  surface  is  less  than  that  for  a 
flat  surface.  Then  we  evaluate  the  total  potential  energy 
U(z)  as  a  function  of  both  R}  N^}  and 

The  obtained  U(z)  is  used  to  calculate  the  transmis¬ 
sion  coefficient  D(E).  Instead  of  the  WKB  method,  we 
use  the  Lui  and  Fukuma  [17]  scheme  to  calculate  D(E) 
which  is  exact  in  principle.  We  divide  the  depletion  layer 
into  about  400  subdivisions  so  that  the  potential  may  be 
linear.  Then  we  calculated  D(E)  using  the  scheme  ex¬ 
plained  in  the  previous  section.  Difference  of  one  or  two 
orders  in  magnitude  were  found  between  values  of  D(E) 
calculated  by  the  WKB  and  current  methods. 
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Fig.  5.  Field  emission  current  density  vs.  the  external  field 
for  a  spherical  model  (a)  and  a  hyperboloidal  model  (b).  The 
emission  current  density  j\ s  are  plotted  for  several  values  of 
W  which  were  determined  from  the  values  of  4>Bn,  Nd,  and 
R  (see  Table  1).  The  theoretical  values  are  in  reasonable 
agreement  with  the  data  of  Geis  et  al.  [5]  (circles). 

Once  D(E)  is  obtained,  evaluation  of  Eq.  (13)  is 
straightforward  because  the  integral  does  not  depend  on 
the  band  structure.  For  given  values  of  Nd)  and 

Rj  we  calculate  the  internal  emission  current  densities 
j.  These  results  are  shown  in  Fig.  5(a)  for  a  spherical 
model  and  in  Fig.  5(b)  for  a  hyperboloidal  model.  The 
plots  are  labeled  with  W  instead  of  the  given  set  ($#n, 
Ndi  R).  The  reason  is  because  all  the  sets  of  ($5n,  Nd) 
R)  associated  with  a  specific  value  of  W  yield  almost  the 
same  j  (see  Table  1).  As  far  as  only  j  are  concerned, 
both  seem  to  be  in  reasonable  agreement  with  the  exper¬ 
imental  values  [5]. 

Among  the  theoretical  calculations  using  the  hyper¬ 
boloidal  model,  the  y-curves  of  W  =  170  and  190  A  look 


Table  1.  Set  ($Bn,  Nd ,  R)  associated  with  depletion  layer 
width  W.  Here,  is  the  Schottky  barrier  height,  Nd  the 
doping  concentration,  and  R  the  radius  of  curvature.  These 
values  are  chosen  so  that  the  calculated  emission  currents  can 
be  best  fitted  with  the  measured  values. 
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to  be  in  best  agreement  with  experiment.  This  choice  is 
based  on  the  agreements  in  both  j  and  ($#„,  Nd}  R).  As 
shown  in  Table  1,  the  value  of  W  =  170  A  corresponds  to 
the  set  ($Bn  =  4.1  eV,  Nd  =  1.25  x  1019/cm3,  R  =  85  A). 
The  W  =  170  A  corresponds  to  the  set  ($#n  =  4.0  eV, 
Nd  =  0.95  x  1019/cm3,  R  =  82  A).  The  experimental  val¬ 
ues  of  Geis  et  al  are$#n  =  4.0  eV,  Nd  —  1.0  x  1019/cm3, 
and  r  <  100  A.  However,  this  good  agreement  is  found  to 
not  expected  for  a  spherical  model.  We  try  to  obtain  set 
($j3n,  Ndi  R)  in  such  agreement  with  values  of  Geis  et  al. 
As  shown  in  Table  1,  the  Schottky  barrier  height  corre¬ 
sponding  the  values  of  W  —  170  and  190  A  for  spherical 
model  are  4.5  and  4.3  eV  which  seems  to  be  too  large  in 
comparison  to  the  measured  ones. 

It  is  also  argued  that  the  hyperboloidal  shape  is  the 
more  realistic  shape.  In  the  above  analysis,  a  given  hy¬ 
perboloid  is  assumed  to  have  the  same  radius  of  curvature 
of  the  sphere  at  the  tip  apex.  Thus,  we  have  similar  re¬ 
sults  in  j  for  two  models.  However,  the  tip  apex  is  taper¬ 
like  and  then  may  better  be  described  by  a  curvature¬ 
changing  shape.  In  addition,  the  hyperboloidal  model 
can  take  into  account  the  enhancement  of  the  due  to  the 
protrusion  at  the  tip  apex.  In  regard  to  this  argument,  it 
is  also  noted  that  the  field  intensities  used  in  the  Fig. 
5  are  local  fields.  The  local  fields  are  much  different 
from  the  macroscopic  fields  which  are  measured  in  ex¬ 
periments.  The  difference  in  two  values  may  ranges  over 
factors  of  from  100  to  10000,  depending  on  the  geom¬ 
etry.  Such  a  geometry  effect  can  be  better  considered 
using  the  hyperboloidal  model  that  the  spherical  mod¬ 
el.  When  the  potential  difference  V0  is  applied  between 
a  hyperbolic  cathode  of  /?  =  (30{<  7r/2)  and  the  planar 
counter  electrode  with  distance  z0{—  a  cos/?0),  the  field 
at  the  tip  apex  is  given  by  F  =  VQ/[a  sin2  f30  In  tan(/?0/2)] 
or  F  =  V0/[R cos/?0  In  tan(/?0/2)],  where  R  is  given  by 
Eq.  (11).  Instead,  the  field  at  the  spherical  surface  is 
given  by  F  =  V0/R  for  a  sphere  of  radius  r.  This  im¬ 
plies  that  the  hyperboloidal  model  can  describe  the  field 
at  the  tip  more  appropriately  than  the  spherical  model. 
Finally,  the  width  of  the  depletion  layer  changes  with  the 
curvature  of  the  tip  surface,  which  can  be  explained  only 
by  the  hyperboloidal  model. 

The  comparison  between  theoretical  and  experimen¬ 
tal  values,  at  some  fields,  reveals  one  or  two  orders  of 
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♦magnitude  difference,  which  is  not  considerable  in  the 
emission  current.  There  is  also  a  difference  in  shape  of 
the  I-V  characteristic  curve  between  theory  and  experi¬ 
ment.  This  seems  to  be  significant  to  the  property  of  the 
Schottky  barrier,  which  may  be  due  to  several  reasons. 
One  is  that  the  theoretical  j  is  the  emission  current  from 
one  tip,  while  the  experimental  j  is  the  result  of  those 
from  many  tips.  This  difference  changes  with  the  field 
intensity,  as  shown  in  Fig.  5.  Another  is  due  to  the 
different  quantities  used  as  abscissa.  The  abscissa  of  the 
I-V  curve  is  the  field  in  theory,  while  it  is  the  voltage 
in  experiment.  Combining  the  first  reason  and  the  sec¬ 
ond  reason  gives  rise  to  a  different  relation  between  the 
field  and  the  voltage,  depending  on  the  number  of  tips 
(z.e.  the  shape  of  the  emission  area).  The  third  reason 
is  that  the  theoretical  j  is  the  emission  current  through 
the  back  contact  while  the  measured  j  is  that  through 
the  whole  device.  That  is,  the  reason  is  partly  due  to 
our  assumption  of  ballistic  transport  in  diamond  and  a 
negative  electron  affinity  at  the  diamond-vacuum  inter¬ 
face.  The  other  reason  is  the  fact  that  internal  injection 
through  the  Schottky  barrier  is  not  the  only  possibility 
for  the  presence  of  nitrogen  in  the  diamond  lattice  [21,22]. 
It  has  been  conjectured  that  high  concentrations  of  these 
non-stoichiometric  atoms  can  produce  defect  subbands 
as  sources  of  tunneling  states  in  the  energy  gap. 

VI.  CONCLUSIONS 

The  internal  field  emission  is  believed  to  be  an  impor¬ 
tant  process  which  makes  the  field  emission  from  a  substi- 
tutionally  nitrogen-doped  diamond  possible.  The  struc- 
tual  and  the  compositional  dependences  of  the  Schottky 
barrier  can  be  understood  using  the  two  models,  a  spher¬ 
ical  and  a  hyperboloidal  tip  model.  Since  negative  elec¬ 
tron  affinity  surfaces  are  involved  in  the  electron  emission 
into  vacuum,  the  internal  emission  from  the  metal  into 
the  diamond  is  approximately  equal  to  the  field  emission 
from  the  whole  device.  A  reasonable  agreement  exists 
between  the  theoretical  and  the  experimental  emission 
currents.  This  leads  to  finding  of  material  parameters, 
the  curvature  of  the  metal  protrusion,  the  charge  con¬ 
centration,  and  the  Schottky  barrier  height.  It  is  finally 
concluded  that  the  hyperboloidal  model  is  good  for  de¬ 
scribing  the  Schottky  barrier  of  a  roughened  junction. 
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We  present  the  results  of  first-principles  pseudopotential  calculations  for  the  local  vibrational 
frequencies  of  H2  and  H2  complexes  in  crystalline  Si  within  the  local-density-functional  approxima¬ 
tion.  The  vibrational  modes  and  frequencies  are  determined  by  the  full  dynamical  matrix  which  is 
constructed  using  a  supercell  geometry.  Including  gradient  corrections  for  the  exchange-correlation 
potential,  we  find  the  vibrational  frequencies  of  2071  and  1784  cm-1  for  the  stretch  modes  of  the  H2 
complex,  while  784  and  598  cm  1  for  the  wagging  modes,  consistent  with  experimentally  measured 
values.  For  the  H2  molecule  at  a  tetrahedral  site,  we  examine  the  [100],  [110],  and  [ill]  orientations, 
and  find  the  stretch  modes  in  the  range  of  3556~3643  cm-1,  in  good  agreement  with  previous 
calculations  and  experiments. 


There  have  been  extensive  studies  for  the  behavior  of 
hydrogen  impurities  in  semiconductors.  Hydrogen  incor¬ 
porated  in  semiconductors  exhibits  a  number  of  different 
configurations  such  as  isolated  interstitials  or  hydrogen- 
associated  complexes  bound  to  defects  or  impurities. 
There  have  many  indications  that  hydrogen  also  forms  a 
dimer  configuration.  Many  theoretical  calculations  pre¬ 
dicted  that  the  most  stable  formation  is  a  H2  molecule 
at  a  tetrahedral  site  [1—3].  Because  of  the  strong  inter¬ 
action  between  the  two  H  atoms,  the  binding  energy  of 
the  H2  molecule  is  much  higher  than  that  of  interstitial 
H  atoms.  Direct  experimental  evidence  for  the  existence 
of  H2  molecules  has  been  failed  until  recently,  which  is 
attributed  to  the  presumed  infrared  inactivity  due  to  no 
dipole  moment.  Very  recently,  Murakami  and  his  cowork¬ 
ers  obtained  a  direct  evidence  for  the  presence  of  H2 
molecules  in  hydrogenated  Si  by  measuring  a  broad  Ra¬ 
man  line  at  4158  cm-1  [4],  close  to  that  of  a  free  molecule 
(4160  cm"1)  in  the  gas  phase.  They  assigned  the  Ra¬ 
man  line  to  the  stretch  mode  of  the  isolated  H2  molecule 
at  or  near  a  Tj  site.  Two  subsequent  Raman  and  in¬ 
frared  spectroscopy  studies  also  confirmed  the  molecular 
formation,  however,  the  measured  vibrational  frequency 
is  3618  cm-1  [5,6],  well  below  the  free-molecule  value. 
Thus,  it  is  now  believed  that  the  measured  line  at  4158 
cm  1  results  from  H2  molecules  trapped  within  the  voids 
formed  by  the  hydrogen  plasma-induced  platelets  which 
are  generated  during  the  hydrogen  plasma  treatment  [7]. 
A  number  of  theoretical  calculations  showed  that  the  vi¬ 
brational  frequency  of  the  H2  molecule  exhibits  a  sub¬ 
stantial  downward  shift,  compared  with  that  of  a  free 
molecule  [8-10].  It  was  argued  that  the  weakening  of 
the  H-H  bond  is  correlated  with  the  semiconductor  host 
charge  density  near  the  interstitial  site.  Because  the  H2 
molecule  is  positioned  at  the  tetrahedral  site,  the  anhar- 


monic  effects  were  shown  to  be  significant,  lowering  the 
harmonic  vibrational  frequency  [9].  In  previous  studies 
which  are  based  on  the  local-density-functional  approx¬ 
imation,  the  vibrational  frequency  is  generally  underes¬ 
timated  by  several  hundreds  of  cm-1,  as  compared  to 
experiments.  The  other  stable  form  of  hydrogen  dimers 
was  predicted  to  be  the  H2;  complex,  in  which  one  H  atom 
is  in  the  bond-centered  position,  while  the  other  is  in  the 
antibonding  position  [11].  Although  the  energy  difference 
between  the  H2  and  dimers  is  few  tens  of  eV,  most 
theoretical  calculations  indicated  that  the  H2  molecule  is 
more  stable  than  the  H2;  complex  [3,11,12].  The  experi¬ 
mental  evidence  for  the  presence  of  H£  was  first  given  by 
Holbech  et  a/.,  who  measured  infrared  modes  in  proton- 
implanted  Si  [13]. 

In  this  paper,  we  report  the  results  of  first-principles 
pseudopotential  calculations  for  the  local  vibrational  fre¬ 
quencies  of  the  H2  and  H2j  complexes  in  crystalline 
Si  within  the  local-density-functional  approximation 
(LDA).  We  also  test  the  generalized-gradient  approx¬ 
imation  (GGA),  and  find  that  the  H-associated  bond 
lengths  are  smaller  than  those  obtained  from  the  LDA, 
raising  the  vibrational  frequencies.  We  set  up  the  full 
dynamical  matrix  using  a  supercell  geometry,  and  de¬ 
termine  the  normal  vibrational  modes  for  each  com¬ 
plex.  For  the  H2  molecule,  we  consider  three  different 
orientations  along  the  [100],  [110],  and  [111]  directions. 
With  the  generalized-gradient  approximation  for  the  ex¬ 
change  and  correlation  potential,  the  stretch  modes  of 
the  H2  molecule  in  these  orientations  lie  in  the  range  of 
3556~3643  cm-1,  in  good  agreement  with  recent  experi¬ 
mental  results.  If  the  anharmonic  effects  are  considered, 
we  expect  that  the  vibrational  frequencies  calculated  by 
the  GGA  are  still  lower  by  about  200  cm”1  than  the 
measured  value.  In  addition  to  the  stretch  mode,  we 
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find  that  the  H2  molecule  exhibits  a  localized  mode  at 
650~700  cm-1  above  the  bulk  phonon  band,  which  is  ex¬ 
perimentally  observable.  For  the  H£  complex,  the  GGA 
also  gives  slightly  higher  vibrational  frequencies  for  both 
the  stretch  and  wagging  modes,  compared  with  the  LDA 
results. 

The  total  energies  are  calculated  using  the  first- 
principles  pseudopotential  method  within  the  local- 
density-functional  approximation  [14].  Norm-conserving 
nonlocal  pseudopotentials  are  generated  by  the  scheme 
of  Troullier  and  Martins  [15],  and  then  transformed  into 
a  separable  form  of  Kleinman  and  Bylander  [16].  The 
wave  functions  are  expanded  in  a  plane-wave  basis  set 
with  a  kinetic  energy  cutoff  up  to  64  Ry.  The  vibrational 
frequency  of  a  stretch  mode  strongly  depends  on  the  cor¬ 
responding  bond  length,  because  a  stronger  bond  causes 
a  smaller  bond  length  and  thus  increases  the  vibrational 
frequency.  Therefore,  it  is  important  that  the  calculat¬ 
ed  bond  lengths  of  H-related  bonds  are  fully  converged. 
The  bond  lengths  of  the  Si-H  bonds  in  the  HJ  complex 
are  plotted  as  a  function  of  the  kinetic  energy  cutoff  in 
Fig.  1(a).  In  the  LDA  calculations,  the  Ceperley-Alder 
expression  [17]  for  the  LDA  exchange-correlation  poten¬ 
tial  gives  shorter  Si-H  bond  lengths,  compared  with  the 
Wigner  interpolation  formula.  These  bond  lengths  are 
further  reduced  when  the  PW91  form  is  employed  for  the 
GGA  exchange-correlation  energy  [18].  Similarly,  the  H- 
H  bond  length  of  the  H2  molecule  is  also  decreased  in 
the  GGA  calculations,  as  shown  in  Fig.  1(b).  We  ensure 
from  Fig.  1  that  the  bond  lengths  and  the  total  energies 
are  well  converged  with  the  kinetic  energy  cutoff  of  64  Ry. 

(a)  Hj  in  Si  (b)  H2  in  Si 


Fig.  1.  The  bond  lengths  and  the  total  energies  for  (a)  the 
HJ  complex  and  (b)  the  H2  molecule  are  plotted  as  a  func¬ 
tion  of  the  kinetic  energy  cutoff.  The  LDA  results  using  the 
Wigner  (WI)  interpolation  formula  and  the  Ceperley-Alder 
(CA)  expression  for  the  exchange-correlation  potential  are 
compared  with  the  GGA  results. 


. . .  _  Yong-Sung  Kim  et  al. 

We  employ  a  supercell  containing  32  host  atoms  through¬ 
out  this  work,  which  was  also  shown  to  be  sufficient  in 
obtaining  numerical  convergence  [8,9].  We  optimize  the 
atomic  geometries  of  the  H£  and  H2  complexes  until  the 
Heilman- Feynman  forces  [19]  acting  on  the  atoms  are  less 
than  0.001  Ry/(a.u.)2.  Testing  a  larger  64-atom  super¬ 
cell,  we  find  no  changes  in  the  energetics  and  vibrational 
frequencies  of  the  H£  and  H2  complexes.  To  perform  the 
Brillouin  zone  summation  of  the  charge  density,  we  use 
a  special  k-point  set  of  uniform  grids  in  the  32-atom  su¬ 
percell,  while  only  the  T  point  in  the  64-atom  supercell. 

In  modern  first-principles  electronic  structure  calcu¬ 
lations,  the  atomic  model  of  a  defect  in  a  solid  most¬ 
ly  relies  on  the  energetics  of  various  defect  configura¬ 
tions.  Although  this  theoretical  approach  enables  us  to 
calculate  the  vibrational  frequencies  of  defects,  the  cal¬ 
culations  are  usually  performed  for  known  normal  modes 
with  the  use  of  a  frozen-phonon  approximation.  As  an 
alternative  method,  if  the  dynamical  matrix  approach  is 
used,  all  the  vibrational  modes  associated  with  a  defect 
as  well  as  the  corresponding  vibrational  frequencies  can 
be  determined  once  the  force  constants  between  atoms 
are  calculated.  Nevertheless,  the  calculations  of  the  dy¬ 
namical  property  of  a  defect  provides  rich  information  on 
identifying  the  defect  model,  in  conjunction  with  Raman 
and  infrared  spectroscopy  studies.  Here  we  set  up  the 
dynamical  matrix  using  a  supercell  geometry,  which  con¬ 
tains  either  a  H2  molecule  or  a  H2J  complex.  The  dynam¬ 
ical  matrix  elements  are  obtained  by  first  calculating  the 
Heilman- Feynman  forces  acting  on  all  the  atoms,  when 
a  given  atom  is  displaced.  For  each  direction,  we  choose 
both  forward  and  backward  displacements  to  eliminate 
the  third-order  anharmonic  effect,  with  displacements  of 
2 — 10  %  of  the  bond  length.  To  reduce  the  computation¬ 
al  effort,  we  replace  the  matrix  elements  associated  with 
atoms  very  far  from  a  defect  by  those  calculated  for  a 
supercell  geometry  of  perfect  bulk  Si.  We  find  that  this 
approach  gives  very  accurate  estimates  for  the  localized 
vibrational  frequencies  of  defects,  although  it  may  cause 
some  errors  for  the  bulk  phonon  band  of  the  host  ma¬ 
terial.  Testing  two  different  sets  of  the  displaced  atoms 
in  the  neighborhood  of  each  hydrogen  complex,  we  find 
almost  no  change  in  the  defect  vibrational  frequencies. 
The  resulting  dynamical  matrix  is  diagonalized  for  zero 
wave  vector.  To  produce  the  degeneracy  of  vibrational 
modes  for  each  complex,  the  matrix  elements  are  calcu¬ 
lated  for  atoms  within  the  supercell,  which  preserve  the 
defect  symmetry.  The  H2  molecule  at  a  tetrahedral  site 
has  D2d,  C2v,  and  C3v  symmetries  for  the  [100],  [110], 
and  [111]  orientations,  respectively,  while  the  H£  complex 
with  two  Si-H  bonds  aligned  along  the  [111]  direction  has 
Csv  symmetry.  We  test  the  32-  and  64-atom  supercells 
and  estimate  the  vibrational  frequencies  to  be  accurate 
to  within  5  %. 

For  the  H2  molecule  at  or  near  a  tetrahedral  site,  two 
localized  vibrational  modes  exist  for  all  the  orientations 
considered  here,  as  shown  in  Fig.  2,  while  the  oth- 
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Fig.  2.  Atomic  displacements  are  drawn  schematically  for 
(a)  the  stretch  and  (b)  twist  modes  of  the  H2  molecule  in 
the  [100]  orientation.  For  the  [110]  orientation,  the  local¬ 
ized  modes  correspond  to  (c)  the  stretch  and  (d)  longitudinal 
displacement  modes,  while  the  same  modes  for  the  [ill]  ori¬ 
entation  are  given  in  (e)  and  (f). 

er  modes  are  resonant  in  the  bulk  phonon  band.  In 
this  case,  the  stretch  mode  has  the  highest  vibrational 
frequency  with  the  out-of-phase  displacements  of  the  H 
atoms  along  the  orientation  of  the  molecule.  For  the  H2 
molecule  in  the  [100]  orientation,  our  LDA  calculations 
show  that  the  vibrational  frequency  of  the  stretch  mode 


is  3260  cm-1  (see  Table  1),  similar  to  other  LDA  results 
of  3000~3400  cm-1  [8,9].  In  the  GGA  calculations,  this 
vibrational  frequency  is  increased  to  3556  cm-1.  For  the 

[110]  and  [111]  orientations,  we  estimate  the  GGA  vi¬ 
brational  frequencies  to  be  3603  and  3643  cm”1,  respec¬ 
tively.  Thus,  the  LDA  generally  underestimates  the  vi¬ 
brational  frequencies  of  the  H2  molecule,  while  the  GGA 
results  are  close  to  the  measured  value  of  3618  cm-1  [5,6]. 
The  better  agreement  of  the  GGA  calculations  with  ex¬ 
periments  is  attributed  to  the  reduced  bond  length  of 
the  H-H  bond,  as  illustrated  in  Table  1.  However,  we 
point  out  that  if  anharmonic  effects  are  included,  the 
harmonic  frequencies  of  the  stretch  mode  by  the  GGA 
are  expected  to  be  reduced.  For  a  free  H2  molecule  in 
the  gas  phase,  we  find  that  although  the  GGA  gives  a 
vibrational  frequency  of  4124  cm”1,  close  to  the  mea¬ 
sured  value  of  4160  cm”1,  the  lowering  of  the  harmonic 
frequency  due  to  anharmonic  effects  is  as  much  as  160 
cm”1.  Compared  with  the  [100]  orientation,  the  vibra¬ 
tional  frequencies  of  the  H2  molecules  with  the  [110]  and 

[111]  orientations  are  closer  to  the  experimental  value. 
However,  the  analysis  of  the  energetics  can  not  give  a 
definite  decision  for  the  orientation  because  the  energy 
differences  between  the  different  orientations  are  about 
0.01  eV,  less  than  the  accuracy  of  our  calculations.  Nev¬ 
ertheless,  both  the  LDA  and  GGA  calculations  indicate 
that  the  vibrational  frequency  of  the  H2  molecule  in  the 
Si  lattice  is  substantially  downward  shifted  from  that  of 
the  free  molecule,  correlated  with  other  theoretical  cal¬ 
culations.  Thus,  our  results  are  consistent  with  previous 
suggestions  that  the  Raman  line  observed  at  4158  cm”1 
results  from  H2  molecules  trapped  in  voids,  which  may 
be  created  during  the  hydrogen  plasma  treatment.  The 
vibrational  frequency  of  the  other  localized  mode  is  found 
to  lie  just  above  the  bulk  phonon  band,  suggesting  that 
this  new  mode  is  experimentally  observable.  The  atom¬ 
ic  displacements  of  the  new  localized  mode  are  drawn 
in  Fig.  2.  For  the  [100]  orientation,  the  new  normal 
mode  called  as  a  twist  mode  has  a  vibrational  frequen- 


Table  1.  The  relative  energies  (A E),  bond  lengths  (c£h— H ),  and  local  vibrational  frequencies  (w)  for  the  H2  molecules  in  the 
[100],  [110],  and  [ill]  orientations  are  listed.  The  LDA  and  GGA  results  are  compared  with  other  calculations  and  experiments. 


Mode 

[100] 

[110] 

[in] 

Other 

Calc. 

Expt. 

LDA 

GGA 

LDA 

GGA 

LDA 

GGA 

A E  (eV/mol) 

0 

0 

0.008 

0.008 

0.012 

0.011 

ds- h  (A) 

0.813 

0.783 

0.810 

0.780 

0.808 

0.779 

w  (cm”1) 

stretch 

3260 

3556 

3603 

3643 

3363“ 

3618^ 

3396d 

3708e 

twist 

605 

651 

an  _  j*  .  . . 

long,  displ. 

688 

699 

Reference  [5]. 
c  Reference  [6]. 
^Reference  [9]. 
e  Reference  [10]. 
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Fig.  3.  Atomic  displacements  are  drawn  schematically  for 
the  stretch  and  wagging  modes  of  the  HJ  complex:  (a)  the  BC 
stretch,  (b)  BC  wagging,  (c)  AB  stretch,  and  (d)  AB  wagging 
modes. 


cy  of  605  cm-1  in  the  LDA  calculation,  while  651  cm-1 
in  the  GGA.  When  the  H2  molecule  is  oriented  either 
along  the  [110]  or  [111]  direction,  the  new  localized  mode 
looks  like  a  longitudinal  displacement  along  the  bond  di¬ 
rection,  with  in-phase  displacements,  as  shown  in  Fig.  2. 
The  GGA  calculated  frequencies  of  the  longitudinal  dis¬ 
placement  mode  are  688  and  699  cm-1  for  the  [110]  and 
[111]  orientations,  respectively,  similar  to  the  twist  mode 
in  the  [100]  orientation. 

The  normal  modes  of  the  HJ  complex  are  illustrated  in 
Fig.  3.  Because  of  the  C^v  symmetry,  the  wagging  modes 
for  both  the  H  atoms  positioned  at  the  bond-centered 
and  antibonding  sites  are  degenerate.  Since  the  Si  atom 
adjacent  to  the  H bc  atom  has  a  sp3-like  bonding  con¬ 
figuration,  the  H bc  atom  is  more  strongly  bonded  to 
the  Si  atom,  as  compared  to  the  Hab  atom  bonded  to 
the  neighboring  Si  atom  with  a  sp2-like  hydridization. 
In  fact,  our  LDA  calculations  show  that  the  equilibri¬ 
um  bond  length  of  the  Si-H^c  bond  is  1.518  A,  whereas 
it  is  1.557  A  for  the  Si-H^s  bond,  as  shown  in  Table 
2.  Thus,  the  vibrational  frequency  of  1945  cm”1  for  the 
stretch  mode  of  the  Si-H^c  bond  is  much  higher  than 
the  value  of  1677  cm-1  for  the  Si-H^#  bond.  In  the  wag¬ 
ging  mode,  we  find  the  LDA  vibrational  frequency  of  553 
cm”1  for  the  Si-H^c  bond,  while  a  higher  value  of  711 
cm”1  for  the  Si-H Ab  bond.  The  higher  wagging  frequen¬ 
cy  of  the  Si-H^B  bond  results  from  the  fact  that  the  H ab 
atom  experiences  stronger  restoring  forces  during  the  vi¬ 
bration,  because  more  charges  are  accumulated  on  the 
plane  which  is  formed  by  the  sp2-bonded  Si  atom  and  the 
three  neighboring  Si  atoms.  We  note  that  the  LDA  vibra- 


Table  2.  The  bond  lengths  (ds\-n)  and  local  vibrational 
frequencies  (u;)  for  the  HJ  complex  are  listed.  The  LDA  and 
GGA  results  are  compared  with  other  calculations  and  in- 
frared  measurements. _ 

Bond  Mode  LDA  GGA  °t,h"  Expt.a 

Oalc. 


dsi-H  (A)  Si-Hsc 
Si-H^B 


1.518  1.510 
1.557  1.549 


lj  (cm”1)  stretch(BC)  1945  2071  2165  2062 

stretch(AB)  1677  1784  1844  1838 

wagging(AB)  711  784  1002  817 

wagging(BC)  553  598  612 


“Reference  [13]. 


tional  frequencies  for  both  the  stretch  and  wagging  modes 
are  underestimated  by  about  6~13  %,  compared  with  in¬ 
frared  absorption  spectroscopy  measurements  [13].  In  the 
GGA,  the  bond  lengths  of  the  Si-H^c  and  Si-H^#  bonds 
are  reduced  by  about  0.5  %,  raising  the  vibrational  fre¬ 
quencies,  as  shown  in  Table  2.  Thus,  the  GGA  values 
for  both  the  stretch  and  wagging  modes  are  in  better 
agreement  with  experiments.  It  is  known  that  the  LDA 
usually  overestimates  the  bind  energies,  which  may  be 
attributed  to  the  underestimation  of  the  transfer  energy 
from  5-orbital  to  p-orbital  [20].  Since  there  is  almost  no 
sp  hybridization  in  the  H  atom,  the  correlation  energies 
for  the  H-related  bonds  may  be  different  from  that  of  the 
Si-Si  bond,  thus,  the  LDA  weakens  the  H-H  and  Si-H 
bonds.  Including  gradient  corrections  for  the  exchange- 
correlation  potential,  the  GGA  appears  to  increase  the 
strength  of  the  H-associated  bonds. 

In  summary,  we  have  calculated  the  local  vibrational 
frequencies  of  the  H2  and  complexes  in  Si  using  the 
first-principles  pseudopotential  method  within  the  local- 
density-functional  approximation  and  also  performed  the 
GGA  calculations.  Using  the  dynamical  matrix  ap¬ 
proach,  we  Rave  determined  the  normal  modes  and  cor¬ 
responding  vibrational  frequencies.  We  find  that  the 
LDA  generally  underestimates  the  vibrational  frequen¬ 
cies,  compared  with  experiments.  When  the  GGA  is  em¬ 
ployed,  the  bond  distances  of  the  H-H  and  Si-H  bonds 
are  slightly  reduced,  raising  the  vibrational  frequencies. 
Thus,  the  GGA  harmonic  frequencies  of  the  stretch  and 
wagging  modes  for  the  H2  complex  are  in  good  agree¬ 
ment  with  experiments.  For  the  H2  molecule  at  or  near 
the  tetrahedral  site,  we  have  considered  the  [100],  [110], 
and  [111]  orientations,  and  find  the  GGA  frequencies  for 
the  stretch  modes  to  lie  in  the  range  of  3556~3643  cm”1, 
close  to  the  measured  value  of  3618  cm"1.  We  predict 
that  the  H2  molecule  exhibits  a  localized  mode  just  above 
the  bulk  phonon  band,  with  a  frequency  of  651~699 
cm"1.  Finally,  we  address  that  although  the  GGA  gives 
the  vibrational  frequencies  in  better  agreement  with  ex¬ 
periments,  the  harmonic  frequencies  are  expected  to  be 
decreased  by  including  the  anharmonic  effects. 
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Photoluminescence  Study  of  1018  meV  Defect  Lines  from 

Ion-implanted  Silicon 


Hosun  Lee*,  Suk-Ho  Choi,  Euze  Seong  and  S.  M.  Kim 

Department  of  Physics  and  Institute  for  Natural  Sciences, 

Kyung  Hee  University,  Suwon  ff9-101 

H.  J.  Lim 

Department  of  Physics,  Ajou  University,  Suwon  ^2-11^9 

We  investigated  the  defects  of  ion-implanted  silicon  with  boron  and  argon  ions  using  photolumi¬ 
nescence  method.  The  1018  meV  line,  so  called  h  line,  and  its  phonon  side  bands  were  observed  in 
both  boron-  and  argon-implanted  silicon  crystals.  In  argon-implanted  silicon  crystals,  we  observed 
1009  meV  line  (7i  —  At)  and  its  phonon  side  bands  which  arose  from  argon- 7i  complex  in  addition  to 
the  splitting  of  the  I\  line.  Annealing  temperature  dependence  of  the  intensities  of  the  7i  and  I\  —  Ar 
lines  in  argon-implanted  silicon  was  very  similar  for  both  Czochralski  and  float  zone  silicon  crystals 
whereas  that  of  boron-implanted  silicon  was  very  different  between  the  two  growing  methods.  We 
discussed  on  the  origin  of  the  defects  responsible  for  the  I\  and  7i  —  Ar  lines. 


L  INTRODUCTION 

With  ever  decreasing  electronic  device  size,  small  con¬ 
centration  of  defects  may  affect  device  performance  sig¬ 
nificantly  and  the  understanding  of  defects  is  essential  to 
optimize  device  performance.  Ion  implantation  method 
is  a  standard  processing  step  in  silicon  devices.  Ion 
bombardment  generates  defects  in  silicon  and  subsequent 
thermal  annealing  does  not  remove  defects  completely. 
There  may  be  remaining  defect  centers  associated  with 
ion-implantation . 

The  1018  meV  line,  so  called  7i  or  W  line,  was  observed 
using  photoluminescence  from  silicon  crystals  which  were 
ion  implanted  or  neutron  irradiated  [1-4].  With  elec¬ 
tron  irradiation,  no  I\  line  was  reported  so  far.  And 
yet  the  origin  behind  the  1018  meV  is  controversial  [5]. 
The  7i  line  is  independent  of  the  impurity  content  of  the 
crystal  or  of  the  species  being  implanted.  Therefore  it 
may  be  caused  by  an  intrinsic  defect.  The  line  has  C$v 
symmetry  and  may  arise  from  the  electron  paramagnetic 
resonance  A3  center  (a  tetragonal  vacancy  or  a  trigo¬ 
nal  di-interstitialcy)  or  the  trigonal  di-interstitialcy  [6,7]. 
Recently,  Estreicher  et  al.  suggested  using  Har tree- Fock 
calculations  that  di vacancies  may  be  the  origin  for  I\  line 
[8].  However,  they  did  not  investigated  other  defects,  e.g. 
Si  self-interstitials,  as  a  candidate. 

Here,  using  photoluminescence  method,  we  investigat¬ 
ed  the  7i  and  7i  —  Ar  lines  in  detail  and  studied  the  an¬ 
nealing  temperature  dependence  of  the  lines.  Based  on 
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the  experiments,  we  discuss  the  nature  of  defects  which 
are  responsible  for  the  I\  and  I\  —  Ar  lines. 

II.  EXPERIMENTS 

Ions  such  as  boron  and  argon  were  implanted  at  room 
temperature  on  Czochralski  (CZ)  and  Float  Zone  (FZ) 
silicon  wafers  which  were  lightly  doped  with  n-type 
dopant  (phosphorous)  or  p-type  dopant  (boron).  The 
resistivities  of  CZ  and  FZ  n-Si  were  16  ~  23  ohm-cm  and 
50  ohm-cm,  respectively.  The  kinetic  energy  of  the  ions 
was  90  keV  and  the  ion  dose  was  1013  cm-2.  Thermal 
annealing  was  performed  in  ultra  high  vacuum  chamber 
up  to  750  °C  for  30  minutes.  The  photoluminescence  sys¬ 
tem  was  composed  of  1  m  focal  length  monochromator 
with  8  K  low  temperature  cryostat.  The  excitation  source 
was  argon  ion  laser  with  wavelength  4880  A.  The  power 
density  was  varied  between  25  Wcm-2  and  50  Wcm-2. 

III.  RESULTS 

Figure  1(a)  and  1(b)  are  the  photoluminescence  spec¬ 
tra  of  n-type  silicon  substrates  ((a)  CZ-grown  and  (b) 
FZ-grown)  implanted  with  boron  and  argon  ions  which 
were  subsequently  annealed  at  580  °C  and  750  °C,  re¬ 
spectively.  In  Figure  1(a),  we  observed  1018  meV  line 
(7i  line)  and  its  phonon  side  band.  In  Figure  1(b),  in  ad¬ 
dition  to  the  7i  line,  we  observed  1009  meV  line  (I\  —  Ar) 
which  arose  from  the  complex  of  7i  defect  center  and  ar- 
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Fig.  1.  Plot  of  8-K  photoluminescence  spectra  of  (a) 
boron-implanted  n-type  CZ  Si  and  (b)  argon-implanted 
n-type  FZ  Si  which  were  isochronally  annealed  at  580  °C  and 
750  °C,  respectively.  The  numbers  designate  the  phonon  side 
bands  of  7i  (1018  meV)  and  ii  —  Ar  lines  (1009  meV). 


Fig.  3.  Temperature  dependence  of  the  intensities  of  7i 
line  (1018  meV)  and  7i  —  At  line  (1009  meV)  from  (a) 
boron-implanted  and  (b)  argon-implanted  n-type  Si.  Full  tri¬ 
angles  and  circles  designate  the  integrated  intensities  of  I\ 
line  from  CZ  and  FZ  n-Si  and  unfilled  triangles  and  circles 
designate  the  same  for  I\  —  At  Une. 


Fig.  2.  Plot  of  8-K  photoluminescence  spectra  of  ar¬ 
gon-implanted  n-type  CZ  Si  which  were  isochronally  annealed 
at  (a)  500  °C,  (b)  580  °C,  (c)  660  °C,  and  (d)  750  °C. 


gon  ion. 

Figure  2  is  the  plot  of  CZ  n-type  silicon  which  were  ion- 
implanted  with  argon  and  annealed  isochronally  between 
500  °C  and  750  °C.  Almost  identical  PL  spectra  were 
also  observed  in  Ar-implanted  FZ  n-Si.  The  1009  meV 
feature  began  to  appear  at  500  °C  and  dominated  the  Ix 
line  at  750  °C.  For  750  °C  annealed  Ar-implanted  Si  of 
both  CZ  and  FZ,  we  observed  new  1022  meV  line  (7i’) 
in  addition  to  1018  meV  line.  The  1022  meV  line  could 
be  the  splitting  of  1018  meV  line. 

Figure  3(a)  and  3(b)  are  plots  of  the  temperature  de¬ 
pendence  of  the  7i  and  7i  —  Ar  lines  which  arose  from 
ion-implanted  Si  crystals  with  boron  and  argon,  respec¬ 


tively.  It  shows  clearly  that  the  7i  oscillator  strength 
began  to  be  transferred  to  the  Ix  —  Ar  complex  at  about 
500  °C. 

IV.  DISCUSSION 

In  Figure  1(a)  and  1(b),  we  observed  the  zero-phonon 
luminescence,  1018  meV  (Fig.  1(a))  and  1009  meV  line 
(Fig.  1(b)),  and  their  phonon  sidebands.  The  coupling 
between  electronic  transitions  and  localized  phonons  n- 
ear  defect  centers  were  studied  theoretically  in  detail  by 
Maradudin  and  Davies  ei  al.  [4,9].  Electronic  transitions 
associated  with  defect  centers  can  be  coupled  either  to 
delocalized  phonons  to  conserve  momentum  or  localized 
phonons  because  the  equilibrium  position  of  defects  in 
ground  and  excited  states  is  different.  The  sharp  zero- 
phonon  line  was  explained  in  analogy  with  Mossbauer 
effect.  It  has  been  reported  that  the  7i  defect  center  can 
couple  to  the  noble  gas  atoms  (He,  Ne,  Ar,  Kr,  or  Xe) 
and  thus  7i -noble  gas  atom  complexes  show  very  similar 
phonon  sideband  to  those  of  bare  7i  defect  centers  [3]. 
The  relative  energies  of  phonon  sidebands  with  respect 
to  zero-phonon  energy  were  the  same  for  both  of  7i  and 
7i  —  Ar.  In  Fig.  1(a)  and  1(b),  2  is  associated  with 
TA  phonon  (18  meV)  and  4  is  associated  with  2TA  line 
(38  meV),  respectively,  and  others  are  associated  with 
localized  phonons  near  the  defect  centers.  They  showed 
characteristic  features  such  as  mass- dependent  system¬ 
atic  line  shift  of  zero  phonon  line  and  common  trigonal 
defect  symmetry  [10-12].  In  Fig.  1(b),  the  h  -  Ar  line 
dominated  the  Ix  defect  center  at  750  °C.  The  splitting 
of  7i  line  in  750  °C  annealed  argon-implanted  Si  may  be 
due  to  local  strain  around  the  Ix  defect  center  caused 
by  nearby  Ar  ions  [12].  In  contrast,  Ix  —  Ar  line  may 
be  a  chemical  bonding  between  Ix  defect  center  and  Ar 
ion.  According  to  Burger  et  a/.,  uniaxial  stress  applied 
on  ion  implanted  Si  crystals  along  [110]  or  [111]  direction 
caused  similar  splittings  of  the  Ix  line  [10].  Depending 
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on  the  site  of  At  ion  in  unit  cell,  ii  defect  and  Ar  ion 
could  form  7i  —  Ar  complex  or  the  charge  distribution 
near  the  h  defect  center  may  be  simply  distorted  due  to 
local  strain  near  Ar  ion  when  the  Ar  atom  is  near  the 
defect  center  with  some  distance. 

In  Fig.  2  and  3(b),  only  the  h  line  and  its  phonon 
sideband  were  observed  up  to  400  °C  in  Ar-implanted 
Si.  And  the  oscillator  strength  of  the  h  line  began  to  be 
transferred  to  the  h  -  Ar  complex  at  500  °C  suggesting 
the  formation  of  the  bonding  between  the  h  defect  cen¬ 
ter  and  Ar  ions.  This  may  suggest  that  the  barrier  height 
for  the  Ar  atom  to  form  bonding  with  the  1\  defect  cen¬ 
ter  is  about  67  meV.  Near  750  °C,  the  h  -  Ar  complex 
dominated  the  whole  spectra.  Similar  temperature  de¬ 
pendence  was  also  reported  by  Burger  et  al.  [3].  They 
reported  that  the  intensity  of  h  line  reached  maximum 
at  200  °C  and  transformed  to  h  -  Ar  line  near  450  °C. 
This  discrepancy  of  annealing  temperature  for  the  h  and 
Ix  —  Ar  lines  may  arise  from  difference  in  ion  energy,  ion 
dose,  or  residual  impurities.  We  note  that  we  observed 
similar  temperature  dependence  of  the  intensities  of  the 
1 1  and  1 1  —  Ar  lines  for  Ar  implanted  Si,  whether  CZ  or 
FZ  Si. 

The  defect  center  responsible  for  the  7i  line  is  under 
controversy.  Possible  defect  centers  are  intrinsic  vacan¬ 
cies  or  interstitials,  independent  of  implanted  ions  and 
residual  impurities.  Recently,  Estreicher  et  al.  studied 
the  implantation  of  noble-gas  ions  in  Si  using  Hartree- 
Fock  calculations  [8].  According  to  their  study,  noble- 
gas-divacancy  complexes  are  very  stable  and  may  be  the 
origin  for  the  1009  meV  line  and  its  phonon  side  band. 
According  to  their  study,  the  h  -  Ar  complex  has  the 
minimum  energy  when  an  Ar  atom  occupy  the  divacancy. 
And  they  suggested  that  the  1018  meV  line  is  due  to  the 
neutral  divacancy. 

In  Fig.  3(b),  the  h  line  in  boron- implanted  CZ  and  FZ 
Si  crystals  show  very  different  temperature  dependence. 
The  Ii  line  intensity  in  CZ  Si  increased  up  to  300  °C  and 
began  to  decrease  abruptly  at  660  °C  and  disappered  at 
750  °C.  whereas  the  h  line  intensity  in  FZ  Si  almost  dis¬ 
appeared  at  500  °C  and  began  to  increase  rapidly  above 
500  °C.  However,  in  Fig  3(a),  the  I\  and  7i  —  Ar  line 
showed  very  similar  temperature  dependence  for  both  CZ 
and  FZ  argon-implanted  Si.  The  different  temperature 
dependence  between  B-implanted  CZ  and  FZ  Si  should 
arise  from  interactions  of  boron  atoms  with  residual  oxy¬ 
gens  or  carbons.  We  note  that  CZ  Si  have  much  higher 
oxygen  content  than  FZ  Si.  The  I\  line  is  observed  with¬ 
out  annealing  for  boron-implanted  Si  whereas  I\  —  Ar 
line  is  only  observed  after  annealing  for  Ar-implanted  Si. 
The  interactions  between  borons  and  impurities  may  be 
responsible  for  the  difference.  Boron-impurity  interac¬ 
tions  have  been  studied  by  several  groups  [13-15]. 

In  Fig.  3(a),  the  intensity  of  h  line  reached  maximum 
at  [300,  660]  degrees  and  decreased  abruptly  near  700 
degrees  in  B-implanted  CZ  Si.  This  may  support  that 
divacancies  are  the  origin  of  I\  line  as  was  suggested  by 
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Estreicher  et  al.  Recently,  Eichler  et  al.  studied  divacan¬ 
cies  in  B-implanted  Si  using  infrared  absorption  method 
and  found  that  the  divacancy  concentration  disappeared 
near  475  °C  for  B-implanted  CZ  Si  [16].  Considering  un¬ 
known  residual  defects  or  impurities  of  the  Si  crystals, 
the  temperature  dependence  of  the  intensities  is  roughly 
similar  to  ours.  However,  Libertino  et  al  used  deep  lev¬ 
el  transient  spectroscopy  (DLTS)  measurement  to  study 
defects  in  B-implanted  Si  thin  films  which  were  grown 
epitaxially.  They  noted  that  a  balance  of  concentration 
of  divacancies  and  interstitials  was  maintained  up  to  350 
°C  of  annealing  temperature  and  only  interstials  rather 
than  divacancies  remained  above  350  °C  [17,18]. 

The  dominance  of  the  concentration  of  interstitials 
over  that  of  divacancies  at  high  annealing  temperature 
could  be  due  to  extra  ion  effect.  In  electron-irradiated 
Si,  however,  the  concentration  of  vacancies  and  intersti¬ 
tials  was  the  same  for  any  annealing  temperature  [17]. 
One  notable  point  is  the  extra  ion  effect;  the  Frenkel 
pair  generation  of  an  equal  number  of  vacancies  and  in¬ 
terstitials  is  unbalanced  by  the  incorporated  extra  ions 
which  displace  Si  atoms  from  equilibrium  points  in  the 
lattice.  This  is  the  basis  for  +1  model  [18,19].  Surpris¬ 
ingly,  we  note  that  the  I\  line  has  not  been  observed  yet 
from  electron-irradiated  Si  which  is  free  from  the  extra 
ions  although  divacancies  and  interstitials  are  abundant 
in  electron-irradiated  Si  crystals  [4].  Based  on  this  we 
suggest  that  the  7i  line  may  arise  from  other  defects,  e.g. 
self  interstitials,  rather  than  di vacancies.  More  detailed 
study  is  under  progress  using  DLTS  and  electron  param¬ 
agnetic  resonance. 

V.  CONCLUSIONS 

The  photoluminescence  of  boron-  and  argon-implanted 
silicon  crystals  was  studied  experimentally.  We  observed 
the  Ji  line  (1018  meV)  and  the  I\  —  Ar  line  (1009  meV). 
The  annealing  temperature  dependence  of  the  I\  and 
Ii  —  Ar  lines  was  measured.  For  Ar-implanted  CZ  and 
FZ  Si,  the  intensity  of  the  I\  line  decreased  and  that  of 
7i  —  Ar  line  increased  as  temperature  increased  between 
400  °C  and  750  °C.  This  is  explained  that  the  bare  7i 
defect  center  began  to  form  a  complex  with  an  Ar  ion 
near  500  °C.  Furthermore,  we  observed  the  splitting  of 
the  7i  line  for  Ar-implanted,  750  °C-annealed  Si.  We 
attribute  the  splitting  to  the  local  strain  near  the  7i  de¬ 
fect  center  caused  by  nearby  Ar  ion.  We  compared  to 
literature  the  temperature  dependence  of  the  I\  line  in 
boron-implanted  CZ  and  FZ  Si. 
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Si/Ge  interfacial  intermixing  phenomena  have  often  been  observed  in  epitaxial  Ge  overlayer 
growth  on  Si  surfaces.  Yet,  it  is  not  clear  if  this  Si/Ge  intermixing  originates  from  an  energeti¬ 
cally  favorable  configuration  or  from  nonequilibrium  growth  conditions.  Using  the  first  principles 
calculations  we  propose  a  model  of  defect-induced  Si/Ge  intermixing  that  is  both  energetically  and 
kinetically  favorable.  Dimer-exchange  and  monomer-exchange  processes  are  evaluated,  and  found 
to  be  energetically  stable.  The  respective  energy  barriers  in  our  calculations  are  0.6  eV  and  1.9  eV, 
and  the  estimated  annealing  temperatures  are  close  to  the  experimental  values. 


I.  INTRODUCTION 

Despite  well-known  fabrication  processes  for  Si-based 
electronic  devices,  its  application  to  optoelectronic  de¬ 
vices  is  still  limited  by  the  indirect  band  gap  of  Si. 
Si/Ge  quantum  wells  and  superlattices  have  been  sug¬ 
gested  to  convert  the  bandgap  into  the  direct  bandgap  by 
the  zone-folding  effect.  The  difficulty  of  fabricating  such 
quantum  structures  arises  from  the  atomistic  control  of 
Si/Ge  abrupt  interfaces  during  the  heteroepitaxial  crys¬ 
tal  growth,  let  alone  the  realization  of  the  zone- folding 
effect. 

Controlling  one  monolayer  (ML)  of  Ge  atoms  on  Si  sur¬ 
face  is  thus  fundamentally  important.  The  Ge  atoms  can 
easily  float  to  the  growing  surface  due  to  the  surface  free 
energy  difference  between  the  Si  and  the  Ge  layers  when 
alternating  Si/Ge  layers  are  fabricated.  The  interface  of 
the  Ge  atoms  on  Si  surface  is  believed  to  be  smoother 
than  those  of  the  Si  atoms  on  Ge  surface,  supporting 
the  concept  of  surface  free  energy  difference  [1-4].  Con¬ 
trary  to  these  observations,  recent  experiments  suggest 
that  the  interfacial  Si/Ge  intermixing  occurs  even  in  the 
case  of  Ge  overlayer  depositions  on  Si  surface  followed  by 
typical  annealing  temperatures  [5-11].  The  intermixing 
phenomena  are  observed  in  a  wide  range  of  Ge  overlayer 
coverage  up  to  seven  MLs  [8,10]  and  in  a  temperature 
range  from  650  to  900  K. 

It  is  generally  believed  that  the  surface  free  energy  is 
lowered  when  the  Ge  atoms  are  deposited  on  Si  surfaces, 
since  Ge  bulk  has  weaker  binding  energy  than  Si  bulk. 
Therefore  it  is  difficult  to  imagine  how  the  Ge  atoms 
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can  be  able  to  intermix  with  subsurface  Si  atoms,  which 
seems  to  violate  the  energetics.  One  may  conjecture  that 
this  intermixing  is  associated  with  nonequilibrium  pro¬ 
cesses.  Yet,  one  monolayer  deposition  of  Ge  atoms  at  low 
temperature  subsequently  followed  by  high  temperature 
annealing  clearly  suggests  that  both  energetically  and  ki¬ 
netically  stable  intermixed  Si/Ge  configuration  may  exist 

in]- 

In  this  paper,  we  explore  energetically  and  kinetically 
favorable  configurations  of  Si/Ge  intermixed  layers.  We 
note  that  one  full  monolayer  of  the  Ge  atoms  on  Si  sur¬ 
face  is  always  energetically  favorable  over  one  monolayer 
of  the  Si  atoms  on  Ge  surface.  This  suggests  that  under 
normal  circumstances  the  intermixing  is  unlikely  to  be 
observed.  Therefore,  in  this  study  we  introduce  a  defect, 
for  instance,  a  dimer  vacancy  in  the  dimerized  Ge  mono- 
layer  on  Si  surface.  A  monomer-exchange  process  and  a 
dimer-exchange  process  are  investigated  in  this  work.  We 
first  search  for  the  energetically  stable  configurations  of 
intermixed  Si/Ge  geometries  near  the  Ge  dimer  vacancy. 
We  will  also  endeavor  to  find  appropriate  kinetic  path¬ 
ways  that  may  occur  at  reasonable  growth  temperatures. 

II.  THEORETICAL  APPROACHES 

Our  calculations  have  been  carried  out  using  Car- 
Parrinello  molecular  dynamics  (MD)  approach  [12].  The 
interaction  between  ionic  cores  and  valence  electrons  is 
described  by  a  fully  nonlocal  norm-conserving  pseudopo¬ 
tential  [13]  with  a  separable  form  of  s  (s,  p)  nonlocality 
for  Si  (Si  and  Ge)  introduced  by  Kleinman  and  Bylander 
[14]  and  similarly  the  H  atom  is  treated  locally  [15,16]. 
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The  electronic  wavefunctions  are  expanded  with  a  kinetic 
energy  cutoff  of  12  Ry  for  the  Si/Ge  system,  and  the  T 
point  is  used  as  the  single  special  sampling  point  for  the 
zone  summation  [17,18]. 

The  convergence  of  the  kinetic  energy  cutoff  was  eval¬ 
uated  with  a  silane  molecule,  which  provides  the  Si-H 
bond  length  of  1.51  A,  slightly  overestimating  the  ex¬ 
perimental  value  of  1.48  A,  and  reproduces  the  reason¬ 
able  vibrational  frequencies  of  silane  molecules.  The  test 
was  also  done  for  the  Si-Ge  dimer,  reproducing  the  cor¬ 
rect  ratio  of  the  Si-Ge  bond  length  of  the  Si-Ge  alloys 

[19] .  We  estimate  the  energy  difference  between  differ¬ 
ent  configurations  with  larger  cutoff  to  be  approximately 
0.1  eV.  We  searched  for  the  electron  energy  minimiza¬ 
tion  using  a  steepest  decent  approach  for  a  given  geome¬ 
try.  Ions  were  then  moved  by  the  fast  relaxation  scheme 

[20] .  Remaining  forces  on  surface  atoms  were  less  than 
1.5x10  3  Ry/A  in  equilibrium.  The  energy  was  con¬ 
verged  to  1.0xl0“5  Ry  through  calculations. 

The  surface  is  simulated  by  a  periodically  repeated  slab 
of  Si  atoms  in  which  six  atomic  layers  (each  layer  with 
(4x2)  surface  unit  cell)  are  included,  with  the  bottom 
surface  terminated  by  hydrogens  to  saturate  dangling 
bonds.  One  ML  of  Ge  atoms  are  placed  on  the  top  of 
the  Si  surface  with  p(2x2)  asymmetric  structure,  being 
followed  by  a  vacuum  region  of  6  A.  Two  bottom  Si  lay¬ 
ers  and  an  additional  H  layer  are  fixed  to  prevent  any 
spurious  forces  by  the  H  atoms.  The  periodic  boundary 
conditions  are  applied  to  the  x  ([110]),  y  ([110])  and  z 
([001])  directions.  The  surface  is  exposed  along  the  z 
direction. 


Ill-  RESULTS  AND  DISCUSSION 

We  first  study  one  full  ML  of  Ge  atoms  on  Si  (001)  sur¬ 
face.  Figure  1  shows  fully  relaxed  Gep(2xl),  Gep(2x2), 
and  Si  p(2x2)  phases.  The  fully  relaxed  Ge  ML  prefers  to 
reconstruct  with  an  asymmetric  p(2x2)  phase,  since  the 
total  energy  of  the  p(2xl)  structure  is  higher  than  that 
of  the  p(2x2)  by  0.24  eV/dimer.  The  energy  difference 
is  almost  twice  as  that  of  Si/Si(001)  surface  [21],  sug¬ 
gesting  stonger  dehybridization  to  sp2+p  for  Ge/Si(001) 
surface.  The  asymmetry  of  the  p(2x2)  phase  is  larger 
than  that  of  the  p(2xl)  phase.  The  bond  lengths  of  the 
top  Ge-Ge  dimers  of  these  two  structures  are  and  similar 
and  elongated  to  2.53  A,  compared  to  those  of  the  bulk 
Ge  of  2.45  A.  This  agrees  well  with  the  experimental  re¬ 
sults  [8,22].  In  the  p(2x2)  configuration,  the  Ge-Si  bond 
lengths  between  the  top  Ge  and  the  subsurface  Si  layers 
are  about  2.39  A  in  average,  following  Vegard’s  rule.  The 
asymmetry  and  the  tilt  angle  of  Ge  dimers  are  0.87  A  and 
20.1°,  respectively,  larger  than  those  of  Si  dimer  surface 
[23,24].  Some  results  are  compared  with  experimental 
and  theoretical  values  as  shown  in  Table  1.  One  can  see 
from  the  table  that  larger  k-points  sampling  in  the  LDA 
calculations  will  give  smaller  asymmetries  and  smaller 


(c) 

Fig.  1.  The  fully  relaxed  surface  structures  in  a  sin¬ 
gle  p(2x2)  unit  cell  together  with  the  top  three  layers  for 
(a)  p(2xl)Ge/Si/Si(001)  (b)  p(2x2)Ge/Si/Si(001)  and  (c) 
p(2x2)Si/Ge/Si(G01). 


tilt  angles,  whereas  larger  kinetic  energy  cutoff  will  give 
larger  Ge-Ge  bond  lengths.  We  note  that  larger  kinetic 
energy  cutoff  is  necessary  in  order  to  reproduce  correct 
Si-Ge  dimer  bond  lengths,  following  the  Vegard’s  law,  as 
described  in  previous  works  [19]. 

In  order  to  see  the  relative  energetics,  we  next  study 
the  configuration  of  the  Ge  layer  exchanged  with  the  sub¬ 
surface  Si  layer,  z.e.,  the  Ge  layer  is  sandwiched  between 
Si  layers,  as  shown  in  Fig.  1(c).  The  fully  relaxed  top 
Si  layer  prefers  to  reconstruct  with  asymmetric  p(2x2) 
phase.  One  finds  that  the  top  Si  dimer  bond  length  is 
2.36  A,  close  to  an  ideal  Si  bulk  bond  length.  The  to¬ 
tal  energy  of  this  Si/Ge/Si(001)  surface  is  higher  by  0.61 
eV/dimer  than  the  previous  Ge/Si/Si(001)  surface  (Fig. 
1(b)).  This  energetics  clearly  shows  that  the  Ge  atoms 
prefer  to  stay  on  top  surface.  The  energy  difference  is 
comparable  to  0.38  eV/dimer  between  Si/Ge/Ge(001) 
(2x1)  surface  and  Ge/Si/Ge(001)  (2x1)  surface  [28].  Un¬ 
der  normal  experimental  conditions,  the  Ge  atoms  float 
to  the  front  growing  surface  via  some  exchange  processes 
when  the  Si  atoms  are  deposited  on  the  Ge  surface. 
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Table  1.  Structural  values  of  1  ML  of  Ge  on  Si(001)  surface.  Ecutoff  indicates  the  kinetic  energy  cutoff  in  Ry.  The  number 
of  K-points  sampling  in  the  irreducible  Brillouin  zone  is  indicated  by  tik  ■  ctae-Ge  is  the  bond  length  of  top  Ge-Ge  dimer.  The 
bond  length  between  top  Ge  and  the  sublayer  Si  (doe-si)  is  averaged  over  several  different  bonds  for  comparison  with  other 
experimental  results.  Az  is  the  buckling  of  Ge-Ge  dimer.  


a  [25]  Plane  wave  basis  by  Jin  and  Lewis. 
6  [26]  Plane  wave  basis  by  Cho  and  Kang. 


c  [27]  Plane  wave  basis  by  Jenkins  and  Srivastava. 
d  [8]  X-ray  absorption  fine  structure  measurements. 
e  [22]  X-ray  standing  wave  measurements. 


Based  on  the  energetics  of  the  previous  calculations,  it 
is  very  unlikely  for  the  Ge  atoms  at  top  layer  to  intermix 
with  the  Si  atoms  in  the  subsurface.  Yet,  experimental 
observations  show  the  Ge  atoms  at  top  layer  to  intermix 
with  the  subsurface  Si  atoms  [5-11,29].  Although  the  in¬ 
termixing  may  be  attributed  to  nonequilibrium  growth 
processes,  a  possibility  for  stable  local  configuration  to 
exist  cannot  be  excluded.  In  this  report,  it  is  our  pur¬ 
pose  to  search  for  a  stable  intermixed  configuration.  Fur¬ 
thermore  we  like  to  find  out  an  appropriate  pathway  that 
reaches  such  a  stable  configuration. 

Recent  high  resolution  scanning  tunneling  microscopy 
(STM)  images  of  the  Si(001)  surface  have  shown  that  sin¬ 
gle  missing  dimers  or  dimer  vacancies  are  the  dominant 
defect  structures  at  the  surface  [30-32].  Situations  are 
similar  even  on  the  Ge-covered  Si(001)  surface  [33,34]. 
Since  the  energetics  of  full  monolayer  of  the  Ge  atoms  on 
Si(001)  surface  are  always  favorable  over  Si/Ge/Si(001) 
surface  as  shown  in  the  previous  calculations,  we  here 
introduce  a  dimer  vacancy  on  Ge/Si(001)  surface  and 
search  for  an  intermixed  stable  configuration.  Figure  2(a) 
shows  the  fully  relaxed  geometry  of  the  dimer  vacancy. 
Once  a  Ge  dimer  is  removed,  the  sublayer  Si  atoms  are 
stabilized  by  rebonding  themselves  with  bond  lengths  of 
2.40  and  2.56  A.  The  rebonding  is  usually  observed  at 
the  stepped  surfaces  [35].  The  rebondings  stretch  down 
the  top  Ge  dimers  near  the  vacancy  and  decrease  the 
buckling.  We  note  that  reduction  of  the  buckling  occurs 
asymmetrically,  i.e.,  one  Ge  dimer  becomes  nearly  sym¬ 
metric.  Figure  2(b)  shows  the  fully  relaxed  geometry  of 
two  Ge  atoms  being  in  the  sublayer  by  exchanging  their 
positions  with  Si  atoms  in  the  sublayer.  The  total  ener¬ 
gy  of  Fig.  2(b)  is  0.1  eV  higher  than  that  of  the  original 
one  in  Fig.  2(a).  This  energy  difference  is  small  within 
the  accuracy  and  it’s  difficult  to  understand  intuitively 
how  this  energy  gain  is  achieved  by  the  exchange  process. 


(a) 


(b) 

Fig.  2.  The  surface  structures  for  the  fully  relaxed  ge¬ 
ometries  of  (a)  dimer  vacancy  on  p(2x2)Ge/Si/Si(001)  sur¬ 
face  and  (b)  two  Ge  atoms  in  the  sublayer  being  exchanged 
with  Si  atoms.  The  atoms  in  the  dashed  box  are  chosen  for 
bond-counting. 

A  simple  way  to  estimate  the  energetics  is  to  do  bond¬ 
counting  near  the  dashed  box,  as  shown  in  Fig.  2(a). 
The  number  of  bonds  within  the  dashed  box  is  1  Ge-Ge 
+  6  Si-Ge  +  6  Si-Si,  whereas  that  of  Fig.  2(b)  is  8  Si-Ge 
+  5  Si-Si.  The  difference  of  the  bond-counting  is  2  Si- 
Ge  -  1  Ge-Ge  -  1  Si-Si.  If  we  assume  the  Vegard’s  rule, 
the  energy  difference  of  these  two  configurations  will  be 
negligible.  We  note  from  Fig.  2(a)  that  the  Ge  atoms  at 
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(a) 

(b) 

(c) 

(d) 

(e) 


Fig.  3.  The  dimer-exchange  process.  The  inset  shows  the 
total  energy  changes  over  the  corresponding  pathway.  The 
energy  of  step  (a)  is  chosen  for  the  reference. 


the  top  dimer  inside  the  box  rehybridize  with  Si  atoms 
in  the  sublayer.  The  bond  lengths  are  2.83  and  2.82  A 
as  shown  in  the  figure  indicated  by  the  arrows.  Similar 
rehybridizations  of  top  Si  dimer  with  the  subsurface  Si 
atoms  occur  in  Fig.  2(b),  where  rehybridizations  occur 
more  strongly  with  Si-Si  bond  lengths  of  2.5  and  2.53  A 
in  this  configuration. 

Since  these  two  configurations  are  energetically  stable, 
the  next  step  is  to  evaluate  an  energy  barrier  to  see  if 
the  intermixing  is  kinetically  favorable  under  some  rea¬ 
sonable  experimental  temperatures.  One  way  to  achieve 
the  intermixing  is  to  push  the  top  Ge  dimer  to  the  left 
(y  direction)  and  let  two  Si  atoms  in  the  sublayer  move 
upward  at  the  same  time,  as  shown  in  Fig.  3(b)-3(e). 
In  each  step  we  fix  the  y  axis  of  the  Ge  dimer  and  re¬ 
lax  all  other  coordinates  including  the  full  relaxation  of 
other  atoms.  In  step  (c)  the  sublayer  Si  atoms  in  the 
adjacent  vacancy  form  a  bond  while  the  Ge  dimer  breaks 
the  bond  and  tries  to  rebond  to  the  adjacent  Si  sublayer 
atoms,  where  one  of  them  forms  a  weak  bond.  The  en¬ 
ergy  of  this  step  is  0.6  eV  higher  than  that  of  the  step 
(a).  Since  new  Si  dimer  breaks  bonds  with  the  sublay¬ 
er  Si  atoms,  the  energy  cost  is  large,  forming  a  barrier. 
Further  moving  to  the  left  will  reduce  the  bond  angle  dis¬ 
tortions  around  the  Si  dimer,  lowering  the  total  energy. 
The  step  (e)  is  the  final  configuration  where  the  intermix¬ 
ing  of  Ge  atoms  with  sublayer  Si  atoms  is  achieved.  The 
buckling  of  the  Si  dimer  almost  disappears  and  the  posi¬ 
tions  of  the  Si  dimer  are  lower  than  those  of  the  adjacent 
Ge  dimers.  The  Ge  atoms  in  the  sublayer  form  again 
rebondings  with  the  adjacent  Si  atoms.  The  potential 
barrier  is  0.6  eV,  suggesting  that  this  process  is  kinet- 


(b) 

Fig.  4.  The  surface  structures  for  the  fully  relaxed  geome¬ 
tries  of  (a)  dimer  vacancy  on  p(2x2)Ge/Si/Si(001)  surface 
and  (b)  one  Ge  atom  on  the  sublayer  being  exchanged  with 
a  Si  atom.  The  atoms  in  the  dashed  box  are  chosen  for  bond 
counting. 


ically  favorable,  i.e.,  can  be  occurred  at  relatively  low 
annealing  temperature.  One  may  try  different  pathways 
which  might  give  a  lower  activation  barrier.  However,  the 
previous  calculation  [35]  shows  that  the  current  pushing- 
out  process  gives  relatively  lower  activation  barrier  than 
other  dimer-exchange  processes. 

The  previous  studies  for  the  adsorption  of  Ge  atoms 
at  the  step  edge  suggest  that  the  energy  is  lowered  by 
having  two  Ge  atoms  in  separate  sites  [36],  not  as  a  form 
of  a  dimer  which  are  shown  in  the  previous  paragraph. 
We  find  in  this  work  a  new  stable  geometry  where  two 
Ge  atoms  are  located  in  different  sites,  as  shown  in  Fig. 
4(b).  One  Ge  atom  is  placed  in  the  vacancy  site,  whereas 
another  Ge  atom  is  located  in  the  dimer  site.  The  total 
energy  of  this  monomer-intermixed  geometry  is  0.02  eV 
lower  than  the  original  one.  Again  the  energy  gain  can  be 
rationalized  by  the  bond-counting,  similar  to  the  previous 
case.  The  top  Si  and  Ge  atoms  in  the  dimer  rehybridize 
with  the  Si  atoms  in  the  sublayer,  as  shown  in  Fig.  4(b), 
lowering  the  total  energy. 

We  next  consider  the  monomer-exchange  process  near 
the  dimer  vacancy.  In  this  process  we  move  one  Ge  atom 
of  the  surface  dimer  near  the  dimer  vacancy  to  the  left 
and  and  one  Si  atom  in  the  subsurface  to  the  right,  as 
shown  in  Fig.  5.  In  each  step,  the  y  coordinates  of  the 
chosen  Ge  atom  and  Si  atom  are  fixed  and  all  other  co¬ 
ordinates  are  fully  relaxed  similar  to  the  previous  case. 
In  step  (b)  the  Si-Si  weak  bond  is  broken  by  moving  the 
Si  atom  to  the  right,  which  costs  0.6  eV  in  the  total  en- 
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Fig.  5.  The  monomer-exchange  process.  The  inset  shows 
the  total  energy  changes  over  the  corresponding  pathway.  The 
energy  of  step  (a)  is  chosen  for  the  reference.  The  shaded  and 
open  balls  indicate  Ge  and  Si  atoms,  respectively.  All  the 
bond  lengths  and  asymmetries  shown  in  parentheses  are  in 
unit  of  A. 

ergy.  Moving  the  Si  atom  further  to  the  right  and  at  the 
same  time  moving  the  Ge  atom  to  the  left  involve  sever¬ 
al  bond-breakings  and  rebondings,  as  shown  in  step  (c), 
resulting  in  a  large  potential  barrier  of  1.9  eV.  The  step 
(d)  shows  the  finally  reached  equilibrium  configuration. 
Although  the  energy  barrier  of  monomer-exchange  pro¬ 
cess  is  higher  than  that  of  the  dimer-exchange  process, 
the  intermixing  may  occur  at  high  temperature  since  the 
exchanged  configuration  is  as  stable  as  the  unmixed  one. 
One  may  simply  estimate  the  annealing  temperature  for 
the  above  process  to  occur,  using  the  Redhead’s  rela¬ 
tionship  [37],  TP  =  Ea/( 0.06  Kcal/Mol  K)=730±146  K, 
close  to  the  observed  annealing  temperatures  of  650~900 
K  [5-11,22]. 

One  may  consider  some  other  types  of  defect-induced 
intermixing.  For  instance,  energetically  favorable  inter¬ 
mixing  can  occur  near  the  steps.  The  previous  calcula¬ 
tions  [36]  show  that  a  single  Ge  atom  can  reside  stably  in 
the  sublayer  near  the  Dp  step,  supporting  our  monomer- 
exchange  process.  In  order  to  predict  the  intermixing  ef¬ 
fect  in  a  comprehensive  way,  the  energetics  as  well  as  the 
kinetics  are  crucial  factors.  Based  on  our  calculations, 
we  can  say  that  at  low  annealing  temperatures,  the  inter¬ 
mixing  can  be  achieved  via  the  dimer-exchange  process. 
At  relatively  high  temperature,  the  intermixing  can  occur 
via  both  dimer-exchange  process  and  monomer-exchange 
process.  Once  the  Ge  atoms  reside  in  the  sublayer,  the 
Ge  atoms  may  be  enhanced  further  to  diffuse  into  deeper 
layers  due  to  the  strains  involved  in  the  sublayer  [11].  At 
very  high  annealing  temperature,  the  intermixing  phe¬ 
nomena  will  be  governed  by  the  entropy  of  mixing  since 


the  relative  energy  difference  between  different  configu¬ 
rations  is  not  so  large. 

Experimental  observations  [7,8,10]  suggest  that  the  in¬ 
termixing  effect  is  more  obvious  for  the  deposition  of  two 
or  three  monolayers  of  Ge  atoms  than  for  the  deposition 
of  one  ML  of  Ge  atoms.  In  the  case  of  a  few  ML  of 
Ge  atoms,  the  Ge  atoms  at  the  interface  have  no  dan¬ 
gling  bonds.  In  such  a  case,  the  surface  energy  is  not 
an  appropriate  quantity  to  consider.  The  energetics  will 
be  governed  by  the  bond-counting.  The  kinetics  will  be 
more  important  than  the  energetics  since  the  energy  is 
not  much  different.  The  intermixing  at  the  interface  will 
be  dominated  by  the  entropy  of  mixing. 

IV.  CONCLUDING  REMARKS 

In  summary,  the  defect-induced  intermixing  phenome¬ 
na  of  the  Si/Ge  interface  have  been  studied  as  the  pos¬ 
sible  solution  to  understand  the  mysterious  Si/Ge  inter¬ 
mixing  by  using  the  first  principles  calculations.  We  have 
searched  for  energetically  stable  and  kinetically  possible 
configurations.  We  have  found  two  intermixed  configura¬ 
tions  which  are  energetically  favorable,  where  the  energy 
gain  is  achieved  by  the  rehybridization  of  dimer  atoms 
with  the  sublayer  atoms.  Dimer-exchange  and  monomer- 
exchange  processes  are  evaluated.  The  respective  poten¬ 
tial  barriers  are  0.6  eV  and  1.9  eV. 
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A  fluorine-related  passivation  layer  on  etched  Al-Cu  alloy  films  was  investigated  by  transmis¬ 
sion  electron  microscope  (TEM)  and  angle- resolved  X-ray  photoelectron  spectroscopy  (XPS).  The 
passivation  layer  was  produced  during  SF6  plasma  treatments  after  SiCU/Cb/He/CHFa  mixed  gas 
plasma  etching.  The  passivation  layer  is  composed  of  fluorine-aluminum  compounds  on  the  etched 
Al-Cu  surface.  It  was  found  that  this  layer  suppresses  effectively  the  corrosion  on  the  etched  sur¬ 
face  by  preventing  moisture  penetration  from  air  even  if  the  residual  chlorine  atoms  exist  on  the 
etched  surface.  The  existence  of  the  passivation  layer  was  verified  by  TEM  analysis.  To  investigate 
.characteristics  of  the  passivation  layer,  angle- resolved  XPS  was  carried  out  for  heat-treated  samples. 
The  heat  treatments  of  the  samples  were  in-situ  carried  out  in  the  XPS  analysis  chamber  for  the 
temperatures  of  150,  300,  and  400  °C,  respectively.  The  binding  energy  of  the  composed  elements  of 
the  passivation  layer  shifted  to  the  higher  binding  energy  position  as  the  heat  treatment  temperature 
was  increased. 


L  INTRODUCTION 

As  the  device  geometry  becomes  smaller,  the  intercon¬ 
nection  metal  line  becomes  finer.  Aluminum  and  its  al¬ 
loys  are  widely  used  as  the  interconnection  material  for 
the  VLSI  circuits  because  of  their  good  characteristics 
such  as  low  resistivity,  low  cost,  and  good  adhesion, 
etc.  For  a  high  performance  and  reliability  of  the  met¬ 
allizations,  Cu  addition  to  Al  are  utilized  because  the 
Cu  atoms  in  Al  alloy  system  improve  the  resistance  to 
electromigration,  stress  migration  failures,  and  hillock 
formation  [1-3].  Plasma  etching  technique  using  gas 
chemistries  containing  chlorine  is  commonly  used  for 
patterning  Al  and  Al-alloy  films.  However,  Cu  addi¬ 
tion  to  Al  promotes  corrosion  seriously  in  plasma  etching 
processes  by  the  residual  chlorine  atoms  on  the  etched 
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metal  surface  [4-6].  The  corrosion  on  the  etched  surface 
occurs  rapidly  upon  atmospheric  exposure  and  degrades 
the  performance  and  reliability  of  the  devices.  There 
has  been  intensive  research  to  prevent  or  to  avoid  the 
corrosion  phenomena  [4-10].  It  was  well  known  that 
the  corrosion  might  be  prevented  by  substitution  of  flu¬ 
orine  atoms  for  the  residual  chlorine  atoms  with  the  SF6 
treatment  [11,12],  Recently,  fresh  reports  for  the  cor¬ 
rosion  mechanism  were  published  [13-15].  They  suggest 
that  corrosion  is  suppressed  by  the  passivation  layer  com¬ 
posed  of  the  fluorine-related  compounds  on  the  etched 
surface. 

In  this  study,  corrosion  phenomenon  on  the  etched  Al- 
Cu  film  surfaces  has  been  investigated  by  scanning  elec¬ 
tron  microscope  (SEM).  An  existence  of  the  passivation 
layer  produced  on  the  SF6-treated  surface  was  demon¬ 
strated  by  transmission  electron  microscope  (TEM)  anal¬ 
ysis.  The  characteristics  of  the  passivation  layer  were  also 
investigated  by  angle-resolved  X-ray  photoelectron  spec- 
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troscopy  (XPS). 

II.  EXPERIMENTAL 

The  samples  were  prepared  using  (100)  boron  doped, 
125  mm  Si  wafers  in  the  resistivity  ranges  of  0.85  1.15 
Ocm.  After  diluted  HF  cleaning,  an  oxide  layer  was  de¬ 
posited  in  the  thickness  range  of  6000  A  by  low  pres¬ 
sure  chemical  vapor  deposition  (LPCVD).  The  Al-Cu  (1 
wt.%  Cu)  films  were  deposited  successively  in  the  thick¬ 
ness  range  of  8000  A  by  the  sputtering  system.  Plasma 
etch  of  the  Al-Cu  alloy  films  was  carried  out  at  a  pres¬ 
sure  of  600  mTorr  using  SiCl4/Cl2/He/CHF3  mixed  gas. 
The  helium  gas  was  used  as  the  carrier  gas  and  the  flow 
rate  of  the  SiCl4,  Cl2,  and  CHF3  were  210,  16,  and  9 
seem,  respectively.  The  Al-Cu  films  were  etched  partial¬ 
ly  to  a  thickness  of  6000  A,  and  the  corrosion  was  inves¬ 
tigated  on  the  remaining  Al-Cu  surfaces  after  exposure 
to  air  for  10  minutes.  In  Al-Cu  alloy  system,  corrosion 
occurs  rapidly  on  the  etched  surface  by  residual  chlorine 
atoms,  and  it  occurs  dominantly  at  the  grain  boundaries 
rather  than  the  crystalline  surfaces.  For  some  samples, 
SFg-plasma  treatments  subsequent  to  etching  were  car¬ 
ried  out  immediately  in  the  same  reaction  chamber.  The 
treatments  were  carried  out  at  the  total  pressure  of  100, 
200  and  300  mTorr,  respectively.  After  the  SF6  plasma 
treatments,  the  samples  had  been  exposed  also  to  the 
atmospheric  environment.  The  corrosion  could  be  sup¬ 
pressed  successfully  with  the  SF6  treatment  at  a  total 
pressure  of  300  mTorr.  The  etched  metal  surfaces  with 
or  without  SF6  treatment  were  compared  with  those  of 
as-deposited  ones  by  SEM.  To  demonstrate  the  existence 
of  the  passivation  layer,  TEM  analysis  was  carried  out  on 
SF6-treated  sample  surface  at  300  mTorr.  Angle-resolved 
XPS  narrow  scan  analyses  were  also  carried  out  to  inves¬ 
tigate  the  composition  and  the  chemical  bonding  states 
on  the  passivation  layer  surfaces. 

III.  RESULTS  AND  DISCUSSION 

1.  Anti-corrosion  and  Passivation  Layer 

The  surface  of  Al-Cu  alloy  was  investigated  by  SEM. 
Fig.  1(a)  shows  the  SEM  image  of  the  as-deposited  sur¬ 
face.  Fig.  1(b)  shows  etched  Al-Cu  surface  with  the 
SF6  treatment  at  a  pressure  of  300  mTorr  arid  air  expo¬ 
sure.  This  shows  that  the  grain  boundaries  are  clearer 
than  that  shown  in  Fig.  1(a)  but  the  corrosion  on  the 
surface  is  not  observed.  Fig.  1(c)  shows  the  typically 
corroded  surface,  which  was  exposed  to  air  subsequent 
to  etching  without  a  SF6  plasma  treatment.  An  arrow 
shown  in  the  Fig.  1(c)  indicates  the  corroded  position. 
Fig.  1(c)  shows  that  the  corrosion  occurs  rapidly  on  the 
etched  surface  by  residual  chlorine  atoms,  and  it  occurs 
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Fig.  1.  SEM  photographs  of  the  Al-Cu  alloy  film  surface: 
(a)  as-deposited  surface,  (b)  etched  surface  with  the  SF6  plas¬ 
ma  treatment  in  the  pressure  of  300  mTorr,  and  (c)  etched 
surface  without  the  SF6  treatment. 


dominantly  at  the  grain  boundaries  rather  than  the  crys¬ 
talline  surfaces.  The  corrosion  is  due  to  HC1,  which  is 
produced  by  reaction  of  residual  chlorines  with  moisture 
in  air.  However,  the  SF6  treatment  subsequent  to  etch¬ 
ing  successfully  suppresses  the  corrosion  on  the  etched 
surface  as  shown  in  Fig.  1(b). 

Fig.  2  shows  the  cross  sectional  TEM  image  of  the 
passivation  layer  on  the  etched  Al-Cu  surface.  The  sam¬ 
ples  were  treated  with  the  SFg  plasma  at  a  pressure  of 
300  mTorr  subsequent  to  etching.  It  shows  that  the  pas¬ 
sivation  layer  exists  on  the  etched  Al-Cu  surface  in  the 
thickness  range  of  several  100  A.  The  passivation  layer 
during  the  SF6-plasma  treatment  would  be  formed  on  the 
etched  surface.  The  passivation  layer  prevents  moisture 
penetration  from  air,  and  corrosion  is  successfully  sup¬ 
pressed  by  this  passivation  layer  as  shown  in  Fig.  1(b). 

2.  Characteristics  of  the  Passivation  Layer 

To  investigate  the  characteristics  of  the  passivation  lay- 
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Fig.  2.  TEM  image  of  the  fluorine-related  passivation  layer 
on  the  etch  Al-Cu  alloy  surface. 


er,  atomic  contents  were  measured  at  various  take-off  an¬ 
gles.  All  the  samples  were  treated  with  SF6  plasma  at 
a  pressure  of  300  mTorr  subsequent  to  etching,  at  which 
pressure  corrosion  was  not  occurred  on  the  samples  after 
exposure  to  air.  The  samples  were  in-situ  annealed  in 
the  XPS  analysis  chamber  with  the  temperatures  of  150, 
300,  and  400  °C,  respectively.  Fig.  3  shows  the  atom¬ 
ic  species  and  their  relative  contents  on  the  passivation 
layer  obtained  at  take-off  angles  of  90  and  15°,  respec¬ 
tively.  In  the  deep  position  of  the  passivation  layer,  that 
is,  at  large  take-off  angle,  atomic  content  distributions 
are  nearly  constant  with  annealing  temperatures  but  400 
°C  as  shown  in  Fig.  3(a).  However,  they  are  all  scattered 
except  chlorine  and  copper  on  the  surface  of  the  passiva¬ 
tion  layer  as  shown  in  Fig.  3(b).  At  the  take-off  angle  of 
90° ,  the  amount  of  fluorine  atoms  is  decreased  and  that  of 
oxygen  atoms  is  increased  at  the  temperature  of  400  °C. 
In  the  case  of  near  the  surface  of  the  passivation  layer, 
the  amount  of  oxygen  atoms  is  increased  as  the  annealing 
temperature  is  increased,  while  that  of  fluorine  atoms  is 
generally  decreased  as  shown  in  Fig.  3(b).  These  indi¬ 
cate  that  the  oxygen  atoms  may  come  from  air  exposure, 
and  they  move  toward  the  surface  of  the  passivation  lay¬ 
er  as  the  annealing  temperature  increases.  In  the  case 
of  chlorine,  however,  the  total  amount  is  not  affected  by 
the  annealing  temperature  both  in  the  deep  position  and 
on  the  surface  of  the  passivation  layer.  This  may  imply 
some  interesting  fact  that  chlorine  atoms  are  distributed 
entire  regions  of  the  passivation  layer  and  on  the  etched 


ATOMIC  PERCENTAGE  CHANGE  (TA=90°) 


HEAT  TREATMENT  TEMPERATURE  (°C) 

(a) 


ATOMIC  PERCENTAGE  CHANGE  (TA=15°) 


(b) 

Fig.  3.  Atomic  species  and  their  contents  obtained  at  var¬ 
ious  take-off  angle  :  (a)  take-off  angle=90°,  (b)  take-off 

angle=15°  (more  surface  sensitive). 


metal  surface.  If  the  passivation  layer  is  formed  thinner, 
that  is,  when  the  SF6-plasma  treatments  subsequent  to 
etching  are  carried  out  below  300  mTorr,  corrosion  oc¬ 
curs  [13-15].  This  indicates  the  chlorine  atoms  also  exist 
on  the  etched  metal  surfaces.  At  the  annealing  tempera¬ 
ture  of  400  °C  shown  in  Fig.  3(b),  the  amount  of  chlorine 
atoms  in  not  observed.  This  means  that  chlorine-relat¬ 
ed  compounds  vaporize  from  the  passivation  layer  at  the 
temperature  of  400  °C.  The  amount  of  fluorine  atoms  is 
relatively  smaller  on  the  surface  rather  than  in  the  deep 
position  of  the  passivation  layer.  On  the  contrary,  in 
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the  case  of  oxygen,  the  amount  on  the  surface  is  larger 
than  that  in  the  deep  position  of  the  passivation  layer. 
As  the  annealing  temperature  is  increased,  these  phe¬ 
nomena  tend  to  be  more  apparent.  These  explain  that 
the  passivation  layer  prevents  oxygen  and  moisture  pene¬ 
tration  from  air  and  corrosion  is  significantly  suppressed. 
This  indicates  the  passivation  layer  might  be  formed  with 
water-related  structure. 

To  confirm  the  validity  of  the  above  assumptions,  an 
XPS  narrow  scan  analysis  for  fluorine  was  carried  out. 
The  chemical  bonding  states  with  the  annealing  temper¬ 
ature  were  investigated.  Fig.  4(a)  shows  the  narrow  scan 


(a)  FIs  peak  with  take-off  angles  (No  heat) 


Binding  energy  (eV) 


(b)  F  Is  peak  with  take-off  angles  (400°C) 


695  690  685  680 


Binding  energy  (eV) 

Fig.  4.  F  Is  narrow  scan  spectra  for  samples  with  take-off 
angles  of  90,  60,  30,  and  15°.  All  the  samples  are  treated 
with  SF6  treatment  at  a  pressure  of  300  mTorr  subsequent  to 
etching,  (a)  non- annealed  sample,  (b)  annealed  at  400  °C. 


spectra  of  F  Is  states  for  non- annealed  samples  on  the 
passivation  layer  with  take-off  angles  of  90,  60,  30,  and 
15°,  respectively.  In  the  case  of  take-off  angle  of  90°, 
the  peak  position  is  located  at  686.2  eV,  which  might 
be  related  with  hydrated  A1F3,  that  is,  A1F3-3H20  [16]. 
On  the  surface  of  the  passivation  layer,  that  is,  when  the 
take-off  angle  is  15°,  it  is  located  at  686.8  eV.  It  shows 
that  the  peak  position  moves  toward  higher  binding  en¬ 
ergy  as  the  take-off  angles  are  lowered.  This  indicates 
bonding  states  on  the  surface  are  different  from  that  in 
the  deep  position  of  the  passivation  layer  because  the 
concentration  of  oxygen  and  moisture  on  the  surface  is 
larger  than  that  in  the  deep  positions  of  the  passivation 
layer.  The  boding  states  are  tighter  on  the  surface  than 
that  in  the  deep  position  of  the  passivation  layer.  Fig. 
4(b)  represents  F  Is  spectra  for  annealed  samples  at  400 
°C.  It  shows  the  peak  position  with  take-off  angle  of  90 
and  15°  are  located  at  687.7  and  688.0  eV,  respectively. 
The  bonding  state  also  grows  tighter  as  the  annealing 
temperature  is  higher  as  shown  in  Fig.  4(b).  The  shapes 
of  the  peak  do  not  change  but  the  peak  positions  move 
toward  higher  energy. 

In  order  to  investigate  the  annealing  effect  of  the  hy¬ 
drated  A1F3  layer,  narrow  scan  analysis  for  annealed  sam¬ 
ples  with  take-off  angle  of  90°  was  carried  out.  Fig.  5 
represents  the  spectra  for  samples  with  the  annealing 
temperatures  of  150,  300,  and  400  °C,  respectively.  It 
shows  that  the  peak  position  move  toward  higher  bind¬ 
ing  energy  as  the  annealing  temperature  increases.  And 
the  peak  height  becomes  higher  up  to  annealing  temper¬ 
ature  of  300  °C,  but  not  at  400  °C.  The  chemical  bonding 
state  moves  to  higher  energy  distinctively  as  the  anneal¬ 
ing  temperature  increases  but  the  peak  shape  does  not 


Heating  effect  of  F  (TA=90°) 


Fig.  5.  Annealing  effects  of  fluorine  peak  in  the  passivation 
layer  with  various  annealing  temperatures. 
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change.  This  phenomenon  is  same  for  all  take-off  angles. 
This  might  be  caused  from  redistribution  of  the  elements 
in  the  passivation  layer  by  annealing. 

IV.  CONCLUSIONS 

Corrosion  phenomenon  on  the  etched  Al-Cu  film  sur¬ 
faces  using  SiCU/Cb/He/CHFa  gas  plasma  has  been  in¬ 
vestigated  by  SEM.  An  existence  of  a  passivation  lay¬ 
er  on  the  etched  Al-Cu  alloy  surfaces  was  demonstrated 
after  SF6-plasma  treatment  by  TEM.  The  characteris¬ 
tics  of  the  passivation  layer  was  studied  with  angle -re¬ 
solved  XPS  analysis.  The  passivation  layer  is  composed 
of  AIF3  3H2O,  and  the  residual  chlorine  atoms  are  em¬ 
bedded  in  it.  The  passivation  layer  prevents  moisture 
penetration  from  air  and  suppresses  the  corrosion  effec¬ 
tively.  The  characteristics  of  the  passivation  layer  on  its 
surface  somewhat  different  from  ones  in  the  deep  posi¬ 
tion.  The  binding  energy  on  the  surface  is  larger  than 
that  in  the  deep  position  of  the  layer  due  to  moisture  in 
air.  When  the  passivation  layer  is  annealed,  surface  bind¬ 
ing  energy  is  increased  with  increasing  of  the  annealing 
temperature. 
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We  present  a  transport  theory  of  semiconductors  in  the  high-field  regime  where  the  usual 
linear- response  theory  breaks  down.  We  start  from  the  Boltzmann-Peierls  equation  for  the  cou¬ 
pled  electron-phonon  system  to  generate  the  macroscopic  transport  equations.  We  use  the  idea  of 
the  extended  irreversible  hydrodynamics  in  selecting  the  relevant  nonequilibrium  state  variables  and 
also  incorporate  the  nonequilibrium  ensemble  method  that  introduces  the  phenomenological  ansatz 
imposing  the  second  law  of  thermodynamics  by  hands.  In  order  to  manifest  the  utility  of  the  theory 
constructed,  we  sketch  how  to  calculate  the  nonlinear  drift  velocity. 


The  electrical  transport  problems  in  semiconductors 
are  nonequilibrium  phenomena  and  most  conveniently 
described  by  the  hydrodynamic  equations  (or  balance 
equations)  that  involve  the  directly  measurable,  macro¬ 
scopic  variables  of  the  system  [1-8].  Such  nonequilibri¬ 
um  state-variables  are  the  carrier  density,  drift  velocity, 
and  temperature  in  the  conventional  hydrodynamic  de¬ 
scription  [1—4]  and  also  momentum  and  heat  fluxes  are 
included  in  the  generalized  hydrodynamic  equations  ap¬ 
proach  [5-8].  Due  to  the  many-particle  nature,  the  ob¬ 
servables  are  defined  microscopically  as  the  statistical  av¬ 
erage  of  the  relevant  operators  over  the  nonequilibrium 
occupancy,  the  single-particle  distribution  function.  In 
the  linear  response  regime  (or  near  equilibrium)  where 
the  external  perturbation  is  weak,  there  exists  the  firm 
foundation  between  the  desired  macroscopic  quantities 
and  the  underlying  microscopic  physics.  For  instance, 
the  Ohmic  conductivity  can  be  calculated  by  either  so¬ 
lution  to  the  Boltzmann  equation  or  the  Kubo  formula, 
equivalently  [9].  However,  in  the  high-field  regime  there 
remain  the  fundamental  difficulties  in  understanding  the 
nonlinear  transport  properties.  First  of  all,  it  is  not  a  pri¬ 
ori  obvious  what  are  the  relevant  quantities  to  be  speci¬ 
fied,  since  physics  depends  on  space  and  time  scales  un¬ 
der  consideration.  Also,  it  is  not  known  how  to  comply 
with  the  macroscopic  law  of  thermodynamics  under  gen¬ 
eral  nonequilibrium  situation,  in  particular  the  second 
law  of  thermodynamics.  On  the  other  hand,  the  modern 
miniaturization  trend  of  semiconductor  devices  demands 
a  better  understanding  of  this  long-standing  problems 
ever  since.  In  this  paper,  we  attempt  to  tackle  this  non¬ 
linear  transport  problem  in  semiconductors  while  giving 
much  effort  to  constructing  thermodynamic  consistencies 
in  the  theory. 
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In  solids,  the  electrical  current  density  j  is  most  mi¬ 
croscopically  described  by  the  statistical  average  of  the 
group  velocity  v^ga\k)  of  the  electron  wave  V’ak  over  the 
nonequilibrium  distribution  function  fe(k)  as 

3  =  2  2/  ^3  {~e)v^{k)fe{8a{k))  =  n{-e)u  (1) 

where  u  is  the  drift  velocity  and  the  carrier  density  n  is 
defined  through  the  normalization  condition  for  fe  as 


n-2Xl/  (2vr)3 


where  the  summation  is  over  all  filled  bands  and  the  inte¬ 
gration  is  to  be  carried  out  in  the  full  first  Brillouin  zone. 
The  group  velocity  is  given  by  the  Hellmann-Feynman 
theorem  as 

^  <3> 

where  £a(k)  is  the  band  structure  of  the  material  under 
consideration.  For  a  single  parabolic  band  with  constant 
spherical  energy  surface, 

h2k2 

*<*)  =  sr  <4) 

characterized  by  an  isotropic  effective  mass  m* ,  the  group 

velocity  is  given  as 

»» (fc)  =  (5) 


In  this  simple  band  model  the  drift  velocity  u  is  reduced 
to 


u  =  n  1 ^3  J  dkvg(k)fe(k). 
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Given  a  band  structure,  knowing  the  distribution  func¬ 
tion  fe  is  the  essential  part  in  evaluating  Eq.  (6).  For 
the  coupled  electron-phonon  system  in  the  external  DC- 
field  E,  the  distribution  function  is  determined  from  the 
Boltzmann-Peierls  equation  [10] 

(7) 

Re[feJph]  =  Vj  (^3  A(<l){[l  +  fph(q)]fe(r,k  +  q,t)[l-fe(r,k,t)] 

-  fph(q)Mr ,  *»  0  [!  -  fe(r,  k  +  q,  <)]}  6  [E{k  +  q)  -  E(k)  -  fiwq] 

+v  J  A(q){f%h(q)fe(r,k-q,t)  [1  - /e(r,  fc,  *)] 

-  [1  +  fph(q )]  fe(r, k,t )  [1  -  fe(r,  fc  -  q.t)]}  &  [E(k  -  q)  -  E(k)  +  fiWq]  (9) 

and  the  phonon  collision  operator  in  Eq.  (8)  is  given  as 

Rph[feJph]  =  V  J  j^5A(q){[\+f°h(q)]fe(r,k  +  q,t)[l-fe(r,k,t)] 

~  fph  (9)  fe  (r,  k,  t)  [1  -  fe  (r,  k  +  q,t)]}6[E(k  +  q)-  E  ( k )  -  ftwq] , 

+v  J  j0j3A(q){[l  +  f%h(qj\fe(r,k,t)[l-fe(r,k-q,t )] 

-  fph  (9)  fe  ( r ,  fe  -  q,t)  [1  -  fe  (1 r ,  fe,  <)]}  6[E(k-q)~  E(k)  +  fewq] ,  (10) 


{w+v’w"s; 


eE  d_\ 
h  ‘  dk) 


fe(r,k,t) 


and 

Rph[feJ°ph]  =  0,  (8) 

where  the  phonon  equation  is  simply  given  by  the  condi¬ 
tion  of  vanishing  the  collision  operator  because  phonons 
are  assumed  to  be  in  equilibrium,  .  The  collision  op¬ 
erator  in  the  right  side  of  Eq.  (7)  is  given  as  [10] 


where  V  is  the  volume  of  the  sample.  There  exists  an 
important  restriction  that  any  solutions  to  Eqs.  (7)  and 
(8)  must  meet.  Namely,  when  the  Boltzmann  entropy  is 
defined  through  [11] 

S(t)  =  -kB  J  dr-^  j  dk  [fe  In  fe 

+(l-/e)ln(l-/e)],  (11) 


it  must  hold  that 


dS(t) 

dt 


>0, 


where  we  have  neglected  the  contribution  from  the 
phonon  part  since  the  phonons  are  in  equilibrium.  We 
find  it  convenient  to  define  the  local  entropy  density, 
«S(r,<),  through 


S(t)  =  I  dv  pS(r,t),  (12) 

Jv 

where  the  electron  mass  density  p  —  rxfen  has  been  in¬ 
serted  in  the  definition  for  later  convenience.  Then,  by 
taking  time-derivative  of  Eq.  (12)  and  also  with  use  of 
Eq.  (7),  one  can  obtain  the  balance  equation  for  the 
entropy  as 


—  *  J s  +  (Tent , 


(13) 


where  use  has  been  made  of 


d_ 

dt 


d_ 

dt 


+  u  •  V, 


C 


hk 

m* 


—  u 


In  the  above  the  entropy  flux  Js  is  given  by 
Js  =  -kB-^ 2^3  J dkC {fe(r ,k,t)lnfe 

+(l-/e)ln(l-/e)}  (14) 

and  the  entropy  production  aent  is  given  by 

=  kB-^—  J  dk  In  (fe1  -  1  )Re[fe,f°ph\.  (15) 

After  some  manipulation,  one  can  prove  the  famous  H- 
theorem  in  the  local  form 


(Tent  ^  0* 


(16) 


The  equality  holds  at  equilibrium  where  the  distribution 
functions  are  specified  by 


exp  [(£(fe)  -  H°)  /kBT0]  +  1  ’ 


(17) 


and 


f°ph  = 


_ i _ 

exp  [huq/kBT0]  —  1’ 


(18) 


where  To  an  Ho  are  the  equilibrium  temperature  and 
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chemical  potential,  respectively. 

Next,  we  derive  the  evolution  equation  for  the  drift  ve¬ 
locity  u,  that  is  directly  related  with  the  electric  current, 
as 

'>§=-v'-p-'>^E+A<”).  <i9> 

where  P  is  the  pressure  tensor  that  is  defined  to  be 

p  =  (2^ / ^  m°CCfe(r’k’t')  (20) 

and  the  dissipation  term  is  defined  by 

A  ^  =  (hkRe[feJ°h}).  (21) 

Here,  it  is  important  to  notice  that  Eq.  (19)  is  not  closed 
for  the  chosen  macroscopic  variable  u  in  the  sense  that  it 
requires  the  information  on  the  higher  order  moment  P. 
Furthermore,  it  still  depends  on  the  microscopic  distribu¬ 
tion  function  through  Eq.  (21).  Thus,  in  the  convention¬ 
al  theory  such  as  the  Chapman-Enskog  method  [12],  in 
order  to  resolve  this  closure  problem  a  normal  solution 
is  sought  for  by  imposing  the  functional  dependence, 

f(r,k,t)  =  ?[p,u,T\t] 

where  T  is  the  local  temperature.  Namely,  the  space- 
and  time-dependence  of  the  distribution  function  is  as¬ 
sumed  be  occurred  only  through  the  conserved  macro¬ 
scopic  variables.  In  this  theory,  the  higher  order  fluxes 
are  also  expressed  as  functionals  of  the  conserved  first 
five  moments. 

In  the  present  work,  we  adopt  the  idea  of  the  general¬ 
ized  hydrodynamics  where  the  higher  order  moments  are 
also  included  in  the  theory  as  the  relevant  macroscop¬ 
ic  variables  [13].  In  this  spirit,  we  further  generate  the 
evolution  equation  for  the  pressure  tensor  as 

p ^  =  -v  •  ^  -  [p  •  Vu+  (Vu)1  .p]  +  A<*\  (22) 

where  superscript  t  means  the  transpose  and  JP  =  P/p} 
and  other  functions  are  defined  to  be 

A(0  =  (J)3  Jdk  <CCRe[fe,f°h],  (23) 

f(s)  =  W?jdk  <CCCf'-  (24) 

In  addition,  we  utilize  the  nonequilibrium  ensemble 
method  where  the  nonequilibrium  canonical  distribution 
function  is  introduced  as  a  phenomenological  ansatz  [14], 

f°e  =  exp  [/?  (E(C)  +  Hi  —  p)]  +  1’  (25) 

where  j3  and  p  are  to  be  fixed,  and  Hi  is  the  nonequilibri¬ 
um  thermodynamic  potential.  In  nonequilibrium  ensem- 
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y$(t)  =  I  dr 

Jv 

(26) 

is  distinguished  from  the  Boltzmann  entropy  5,  Eq.  (11), 
as  a  generalized  Clausius  entropy.  The  theory  is  devised 
to  extend  the  equilibrium  thermodynamics  to  nonequi¬ 
librium  states  as 

/  \ 

d/4?  =  T-1  \  dtU  +  pdtv  +  Y,Xkdt$kJ 

(27) 

where  U  .  and  v  are  the  internal  energy  density  and  the 
specific  volume,  respectively,  and  Xk  and  are  the 

nonequilibrium  state-variables  and  their  nonequilibrium 
thermodynamic  conjugates.  The  function  which  is 

reminiscent  of  the  Clausius  entropy,  is  defined  through 

pV(r,t)  =  kB  (27r)3^ j  dk[fe(r,k,t)\nfce 

1 

jcT 

< 

1 

V 

(28) 

The  differential  form  Eq.  (27)  can  be  derived  from  Eq. 
(28)  after  a  tedious  algebra.  The  entropy  production  <rc 
obtained  using  /*  is  different  from  the  one  aent  obtained 
from  the  solution  fe  to  the  Boltzmann  equation.  In  gen¬ 
eral,  it  holds  that 

+  j ik  '"(/r'-i) 

xs.  [/.,/;»]■ 

(29) 

The  difference  goes  to  zero  as  the  fluctuation  6fe 
fl  vanishes  and  then  it  is  jeduced  to 

=  fe¬ 

Vent  =  Vc  =  T~l  £  X^W  >  0 
k>- 1 

rn 

where  the  dissipation  terms  are  now  specified  as 

aw  =  o^r1  £  R{k,)xlsinhK 
/>- 1  * 

(31) 

where  g  is  a  constant  and  k  is  to  be  determined 
we  provide  a  few  of  as  an  illustration: 

.  Here, 

A^=  (/?<7)-1JR(-1-1)-usinh,C  =  A(’')) 

(32) 

A(0)  =  (/fy)_1  Rm  (/?_1  A/?)  Slnh/C 

(33) 

where  A/3  =  /3  —  (3q.  And,  to  the  same  order  we  have 


K2  =  p(°°)  (p-'&p)2  +  •  u  (34) 

where  the  collision  bracket  integrals  and 

are  to  be  evaluated  through 
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=  9-^~  JdkJ  dk'{k  -  k')2 fg(k')A(q){fph6[E(k)  -  E(k')  -  huq] 

+(f;h  +  l)6[E(k)-E(k')  +  hu>q]}  (35) 

Ri°0)  =  J^jdkj  dk'iE{k)  ~  £(fe'))2/e0(fc')^(9){/;^[^(fc)  -  E(k')  -  huq) 

+(/;,  +  1  )6[E(k)  -  E(k')  +  ftw,]}.  (36) 


Finally,  we  present  briefly  how  to  calculate  the  hot 
electron  drift  velocity,  utilizing  the  formulated  nonequi¬ 
librium  thermodynamics  method,  as  a  function  of  the 
electric  field.  The  underlying  idea  is  the  usual  recogni¬ 
tion  that  the  nonconserved  flux  P  is  the  fast  changing 
variables  in  space/time  compared  to  the  slowly  varying 
u.  Accordingly,  by  dropping  out  higher  order  terms  in 
Eq.  (22)  we  get 

-  PV  •  u  -  [p  •  Vu+  (Vu)‘  -p]  +  A«  =  0.  (37) 

This  is  the  closed  equation  for  the  pressure  tensor,  and 
thus  its  solution  provides  the  desired  closure  ansatz  for 
the  drift  velocity,  Eq.  (19).  Then,  to  the  lowest  order  in 
the  gradients  the  drift  velocity  equation  becomes 

^  =  _Vp- epE-(/fy)_1 U.  (38) 

In  the  steady  state  for  a  homogeneous  semiconductors,  it 
gives 

epE  +  ( J3g)~ 1  =  0  (39) 

/c 

where  k  was  determined  in  Eq.  (34).  Although  Eq.  (39) 
has  been  written  as  a  closed  form  for  u ,  it  is  not  the 
case  as  far  as  the  field-dependence  is  concerned.  This 
is  because  the  temperature  f3  appearing  in  it  is  the  hot 
electron  temperature  through  which  additional  E  depen¬ 
dence  occurs.  In  fact,  in  order  to  treat  the  problem  ex¬ 
actly,  one  has  to  generate  the  energy  balance  equation 
that  couples  to  Eq.  (38).  Obviously,  it  constitutes  a  de¬ 
manding  job,  although  possible,  and  it  is  out  of  the  scope 
of  the  present  work.  Here,  we  shall  assume  that  the  tem¬ 
perature  remains  in  equilibrium  and  will  set  aside  the 
full  calculation  as  a  separate  project  [16].  Then,  one  can 
readily  obtain,  for  an  isotropic  semiconductors,  that 


:  sinh 


[y/RL-l-V/3  J 


epfog 


(40) 


In  the  linear  response  regime,  Eq.  (40)  tends  to  u  —  po E 
where  the  linear  mobility  is  given  by 


Mo 


3  epfog 


(41) 


Equation  (40)  does  not  properly  account  for  the  velocity 


saturation  or  the  interesting  negative  differential  conduc¬ 
tivity  because  of  its  over  simplified  nature  and  also  of  the 
neglect  of  the  intervalley  scattering.  Thus,  we  do  not  in¬ 
tend  to  compare  it  with  the  existing  experimental  data 

[!5]. 

In  conclusion,  we  have  used  essentially  two  steps  in  re¬ 
ducing  the  formally  exact  transport  equation,  Eq.  (19), 
to  the  desired  macroscopic  level,  Eq.  (38).  The  usual 
closure  problem  is  one  ingredient  and  the  other  one  is 
to  incorporate  the  irreversibility  properly.  We  have  tak¬ 
en  care  of  the  closure  problem  using  the  concept  of  the 
generalized  hydrodynamics.  Eu’s  nonequilibrium  ensem¬ 
ble  method  was  adopted  in  monitoring  the  second  law  of 
thermodynamics.  In  this  brief  report  we  have  presented 
only  a  simple  application  of  the  theory,  while  reserving 
the  full  report  elsewhere  [16]. 
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Fabrication  of  1.3  //m  Strained  InGaAsP/InGaAsP 
MQW  SSC-LD  by  Selective  Area  MOCVD  Growth 

T.  J.  Kim*,  J.  K.  Ji,  Y.  C.  Keh,  H.  S.  Kim,  S.  D.  Lee, 

A.  G.  Choo  and  T.  I.  Kim 

Photonics  Laboratory ,  Material  &  Device  Sector ,  Samsung  Advanced  Institute  of  Technology, 

Suwon  440-600 

High  performance  1.3  fim  spot-size  converter  integrated  laser  diodes  (SSC-LD)  were  developed  by 
using  selective  area  metal  organic  chemical  vapor  deposition  (MOCVD)  growth.  InP  and  InGaAsP 
single  layers  were  investigated  in  terms  of  the  growth  rate  enhancement  and  material  quality  by 
adjusting  the  growth  rate  and  Si02  mask  width.  Lasing  characteristics,  such  as  a  low  threshold 
current  and  high  slope  efficiency,  were  achieved  by  using  a  high-quality  0.8  %  compressively  strained 
multiple  quantum  well  (MQW)  structure.  A  narrow  radiation  angle  of  ll°xl4°  was  obtained  by 
optimizing  the  vertically  tapered-waveguide  profile.  And  a  high  coupling  efficiency  of  47  %  was 
achieved  between  SSC-LD  chip  and  single-mode  fiber.  This  SSC-LD  is  very  appropriate  as  a  light 
source  for  access  network  systems,  which  require  a  low-  cost  LD  module. 


I.  INTRODUCTION 

Laser  diodes  with  a  narrow  radiation  beam,  which 
could  be  highly  coupled  into  the  optical  fiber  with  a 
large  alignment  tolerance,  is  one  of  the  key  device  for 
subscriber  laser  module.  However,  it  is  difficult  to  get 
a  narrow  beam  by  a  conventional  laser  diode  with  low 
threshold  current  and  high  efficiency  because  the  expan¬ 
sion  of  the  mode  profile  to  get  a  narrow  beam  makes 
optical  confinement  low  and  threshold  current  high.  To 
meet  these  requirements,  spot  size  converted  laser  diodes 
(SSC-LD)  integrated  with  tapered-thickness  waveguide, 
which  is  fabricated  using  a  selective  area  metal  organ¬ 
ic  chemical  vapor  deposition  (MOCVD)  growth  are  pro¬ 
posed  by  many  groups  [1—3].  SSC-LD  can  provide  low 
loss  direct  coupling  to  the  optical  fiber  without  the  need 
for  a  lens  and  offer  expanded  tolerance  for  optical  align¬ 
ment.  These  features  reduce  the  number  of  components 
needed  for  the  module  assembly  and  make  possible  the 
passive  alignment  between  the  LD’s  and  fiber. 

Selective  area  MOCVD  growth  is  an  attractive  device 
fabrication  method  for  expanding  the  use  of  a  variety  of 
optical  devices.  Selective  area  growth  (SAG)  makes  pos¬ 
sible  the  control  of  the  band-gap  energy  of  the  multiple 
quantum  well  (MQW)  structure  and  of  the  thickness  of 
the  epitaxial  layer  by  merely  changing  the  width  of  open¬ 
ing  window  and  Si02  mask  patterned  on  the  InP  sub¬ 
strate.  These  features  of  selective  area  MOCVD  growth 
are  very  useful  in  the  fabrication  of  vertical  taper  SSC- 
LD’s. 
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II.  SELECTIVE  AREA  MOCVD  GROWTH 

The  thickness  of  the  selective  growth  region  (opening 
window  region  used  as  gain  region)  is  thicker  than  that 
of  the  planar  region  (used  as  tapered  region)  by  growth 
enhancement.  The  widths  of  mask  ( wm )  and  opening 
window  ( w0 )  were  changed  to  obtain  optimum  thickness 
enhancement  factor  to  make  optical  mode  transition  in 
vertically  tapered  waveguide  region.  Fig.  1  is  a  graph 


Masked  Area  Width,  Wm  (fim) 

Fig.  1.  Mask  width  dependence  of  thickness  enhancement 
factor. 
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Fig.  2.  PL  wavelength  uniformity  in  opening  window  region. 

showing  mask  width  dependence  of  the  growth  rate  when 
opening  window  width  is  15  /x m.  As  mask  width  in¬ 
creased,  thickness  enhancement  factor  increased  up  to 
five  when  mask  width  is  400  /im.  With  the  mask  width 
of  150  /xm,  thickness  enhancement  factor  of  three  was 
obtained  inside  the  opening  region  of  15  /im,  and  the 
growth  rate  of  35  A/min  is  used  to  obtain  high  quality 
of  material  by  employing  micro-PL  technique. 

Uniform  and  high-quality  0.8  %  compressive  strain¬ 
ed  MQW  structures  were  obtained  by  selective  area 
MOCVD  growth  and  confirmed  by  the  fact  that  the  in¬ 
tensity  and  full  width  at  half  maximum  of  PL  spectra 
were  the  same  as  those  for  the  MQW  grown  by  con¬ 
ventional  MOCVD.  The  uniformity  of  PL  wavelength  in 
opening  window  region  was  shown  in  Fig.  2.  Uniform 
region  of  PL  wavelength  deviation  of  ±1  nm  is  obtained 
within  10  /im  width  inside  the  opening  region  of  15  /xm. 

III-  DEVICE  FABRICATION  AND  ITS 
CHARACTERISTICS 
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Fig.  3  shows  the  schematic  structure  of  the  1.3  /im 
strained  MQW  SSC-LD.  The  vertically  tapered  waveg¬ 
uide  was  integrated  as  a  spot  size-converter  on  the  front 
side  of  the  laser,  in  order  to  expand  the  beam  spot  size. 
The  multiple  quantum  well  active  layer  consists  of  0.8  % 
compressive  strained  well  layers  composed  of  InGaAsP  (6 
nm  thick,  7  periods)  and  lattice  matched  barrier  layers 
composed  of  1.10  /xm  wavelength  InGaAsP  (10  nm  thick). 
The  MQW  active  layers  are  surrounded  by  100  nm  thick 
separate-confinement  heterostructure  (SCH)  layers  com¬ 
posed  of  1.10  /xm  wavelength  InGaAsP  on  both  sides. 
The  active  layer  and  the  vertically  tapered  wavguide  were 
grown  continuously  on  SiC^  mask  patterned  S-doped  n- 
InP  substrate  by  selective  area  MOCVD  growth.  Stripe 
of  mesa  profile  was  obtained  by  photolithography  and 
wet  etching.  To  complete  buried  hetero  (BH)  structure, 
p/n-InP  blocking  layers  and  p-InP/P+-InGaAs  contact 
layers  were  successively  regrown  by  MOCVD. 

The  light  output  power  versus  injection  current  (L- 
I)  characteristics  at  various  temperature  and  divergence 
angle  for  a  HR  coated  laser  with  Lgain=3b0  /xm  and 
£^=150  /Jm  is  shown  in  Fig.  4.  It  has  a  low  threshold 


Fig.  4.  (A)  L-I  characteristics  at  various  temperature  (B) 
FFP  of  SSC-LD. 


Fig.  3.  Schematic  diagram  of  an  SSC-LD  fabricated  by  use  of  selective  area  growth. 
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Fig.  5.  —1  dB  alignment  tolerance  between  SSC-LD  and 
SMF. 

current  of  7  mA  and  slope  efficiency  of  more  than  0.45 
mW/mA  at  RT.  The  parallel  and  perpendicular  far  field 
pattern  to  the  junction  plane  is  11°  and  14°,  respectively. 


gated  for  the  SSC-LD,  as  shown  in  Fig.  5.  The  maximum 
coupling  efficiency  was  47  %  and  the  —  1  dB  alignment 
tolerance  was  ±2.1  /im  for  both  horizontal  and  vertical 
alignment.  This  coupling  tolerance  enables  us  to  align 
the  laser  beam  to  a  SMF  in  a  passive  alignment  scheme 
with  high  coupling  efficiency. 

V.  CONCLUSIONS 

1.3  /im  strained  MQW  SSC-LD  of  narrow  beam  was 
fabricated  by  the  use  of  selective  area  MOCVD  growth. 
The  waveguide  profile  of  the  SSC  section  was  controlled 
using  Si02  mask  and  opening  window,  and  optimum  pro¬ 
file  was  determined.  Superior  lasing  characteristics  were 
achieved  as  low  threshold  current  of  7  mA  and  high  slope 
efficiency  of  more  than  0.45  mW/mA  at  RT.  We  obtained 
a  narrow  divergence  angle  of  H°xl4°,  resulting  in  cou¬ 
pling  efficiency  of  47  %  to  a  cleaved  9  //m/125  /im  single 
mode  fiber  with  the  -1  dB  alignment  tolerance  of  -2.1 
//m. 


IV.  COUPLING  CHARACTERISTICS 

The  measurement  of  the  coupling  characteristics  (cou¬ 
pling  efficiency  and  coupling  tolerance)  between  a  laser 
and  a  single  mode  fiber  is  very  important  for  the  perfor¬ 
mance  evaluation  of  a  laser  module  packaged  by  a  passive 
alignment  method.  The  characteristics  of  direct  coupling 
to  a  cleaved  9  //m/125  // m  single  mode  fiber  were  investi¬ 
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A  lifetime  projection  model  of  semiconductor  laser  diodes  (LD)  is  presented.  By  correlating 
initial  thermal  characteristics  and  long-term  degradation,  a  relationship  between  LD  degradation 
and  ambient  temperature  has  been  investigated.  The  proposed  model  is  found  to  be  efficient  for  the 
lifetime  projection  of  LDs,  which  requires  a  thermal  characterization  only  at  t  =  0. 


I.  INTRODUCTION 

.  The  reliability  of  a  laser  diode  (LD)  in  a  high  speed  op¬ 
tical  transmission  module  (OTx)  is  of  great  importance 
for  the  development  of  an  optical  communication  system 
(OCS)  due  to  its  large  capacity  and  long-haul  transmis¬ 
sion  capability  are  major  advantages  of  OCS.  The  re¬ 
liability  test  results  of  LDs  are  required  to  ensure  the 
long-term  performance  of  OTx  in  the  field.  Prior  to  the 
fabrication  of  OTx,  reliability  tests  of  LDs  in  bare  chips 
or  sub-assembled  structures  are  required  to  screen  weak 
LDs,  and  to  burn-in  the  selected  LDs  to  stabilize  their 
characteristics.  Then,  the  LDs  to  be  used  in  OTx  are 
evaluated  for  their  life  expectancy  by  an  accelerated  life¬ 
time  test.  However,* the  accelerated  lifetime  test  is  costly 
and  time  consuming,  requiring  hundreds  or  thousands  of 
hours.  Also,  it  does  not  provide  real-time  information  on 
the  fabrication  processes  of  LD  as  well  as  OTx.  Hence,  a 
reliability  test  has  to  be  developed  to  predict  reliability 
accurately  and  within  reasonable  test  time. 

The  rate  of  LD  degradation  is  a  function  of  both  cur¬ 
rent  density  and  temperature.  Reliability  projection  of 
LD  has  been  characterized  by  monitoring  an  increase  in 
threshold  current  (Ith)  or  operating  current  ( Iop )  [1—9]. 
Conventionally,  the  LD  lifetime  is  defined  at  the  50  % 
increase  of  Ith  or  Iop  [8,9].  In  order  to  limit  the  reliabili¬ 
ty  evaluation  time  for  a  slowly  degrading  device  such  as 
LDs,  both  temperature  and  time  extrapolations  are  pos¬ 
sible  in  principle.  It  is  that  reliability  assurance  is  to  be 
determined  by  extrapolation  in  temperature  rather  than 
time.  Either  one  or  the  other  is  inevitable  when  the  de¬ 
sired  system  lifetimes  are  tens  of  years,  and  clearly  it  is 
unacceptable  to  wait  for  25  years  to  determine  whether 
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a  device  operating  field  conditions  will  actually  live  25 
years  [9]. 

The  common  pattern  of  the  LD  degradation  by  long¬ 
term  stressing  is  found  to  be  similar  to  that  of  the  ther¬ 
mal  degradation  measured  before  stressing.  That  is, 
the  change  of  optical  characteristic  after  the  aging  test 
is  found  a  strong  close  correlation  with  that  monitored 
during  the  initial  thermal  characteristics  measurements. 
Hence,  the  purpose  of  this  paper  is  to  propose  a  nov¬ 
el  reliability  projection  model  of  LDs  by  correlating  the 
initial  thermal  characteristics  as  a  means  of  predicting 
and/or  screening  for  LD  degradation.  In  this  paper,  the 
proposed  empirical  method  will  explore  the  potential  use 
of  initial  voltage  characteristics  as  a  means  of  predict¬ 
ing  and/or  screening  for  LD  degradation  for  high-speed 
optical  communication  systems. 

II.  EXPERIMENT 

The  SEM  photograph  of  the  cross  section  of  LD  used  in 
this  study  is  shown  in  Fig.  1,  where  the  LD  was  fabricat¬ 
ed  for  a  high  speed  OSC  (>2.5  Gbps)  [10,11].  The  LD 
was  fabricated  by  a  stable  fabrication  process  employ¬ 
ing  metal  organic  vapor  phase  epitaxy  (MOVPE)  and 
reactive  ion  etching  (RIE).  The  p-InP/n-InP/p-InP  lay¬ 
ers  were  grown  with  current  blocking  layers.  The  active 
layer  is  0.15  fi m  thick,  1.5  fim  wide,  and  400  fi m  long. 
The  Ith  and  slope  efficiency  of  LD  were  typically  mea¬ 
sured  to  be  20  mA  and  0.04  mW/mA,  respectively.  To 
avoid  any  infant  failure  mechanism,  a  purge  test  was  per¬ 
formed  under  a  constant  injection  current  of  100  mA  at 
100  °C.  The  initial  thermal  characteristics  (L-I  measured 
at  23  °C~70  °C)  are  shown  in  Fig.  2(a)  where  the  char¬ 
acteristic  temperature  ( T0 )  of  the  LD  is  measured  to  be 
34.6  °K  as  shown  in  Fig.  2(b). 

The  accelerated  lifetime  test  was  performed  at  the  ag- 
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Fig.  1.  A  SEM  photograph  of  the  cross  section  of  LD  used 
in  this  study.  The  LD  was  designed  for  a  high  speed  applica¬ 
tion  (>2.5  Gbps). 
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Fig.  2.  Initial  thermal  characterization  of  LD;  (a)  optical 
characteristics  (L-I)  of  LD  were  measured  as  varying  the  base 
temperatures  (Tb)  from  23  °C  to  70  °C,  and  (b)  the  charac¬ 
teristic  temperature  (T0)  of  the  LD  was  calculated  to  be  34.6 
°K. 


ing  temperature  (Ta)  of  50  °C  under  a  constant  current  of 
100  mA  in  a  dry-nitrogen  ambient  in  order  to  investigate 
the  long-term  degradation  of  LDs.  During  accelerated 
lifetime  testing,  the  optical  characteristics  were  measured 
in  every  20  hours  at  the  ambient  temperature  of  50  °C 
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Fig.  3.  The  L-I  curves  measured  in  every  20  hours  during 
the  accelerated  lifetime  test  at  the  ambient  temperature  of  50 
°C  with  a  constant  current  injection  of  100  mA. 


as  shown  in  Fig.  3.  It  should  be  pointed  out  that  the 
L-I  curves  of  long-term  degradation  as  shown  in  Fig.  3 
are  quite  similar  to  those  of  the  thermal  degradation  as 
shown  in  Fig.  2(a).  For  example,  the  L-I  curve  measured 
at  50  °C  prior  to  the  aging  test  in  Fig.  2(a)  is  the  same 
as  that  measured  at  t  =  0  in  Fig.  3  while  the  L-I  curve 
measured  at  60  °C  prior  to  the  aging  test  in  Fig.  2(a) 
is  quite  similar  to  that  measured  after  220  hours  of  the 
aging  test  in  Fig.  3. 

This  result  shows  that  the  long-term  degradation  of 
LD  is  related  with  the  thermal  degradation  such  as  an  in¬ 
crease  of  the  junction  temperature  of  LD.  The  LD  degra¬ 
dation  is  resulted  from  both  optical  (z.e.,  quantum  ef¬ 
ficiency,  facet  coating  index  and/or  thickness,  etc.)  and 
electrical  (i.e.,  ohmic  contact,  interfacial  defects,  etc.) 
characteristics  degradation.  Once  the  optical  and  electri¬ 
cal  characteristics  of  LD  are  degraded,  then  the  increase 
of  Ith  and  I op  of  LD  causes  the  internal  temperature  of 
LD  to  increase.  Hence  it  is  clear  that  the  LD  degradation 
has  a  same  mechanism  in  the  thermal  degradation. 

Then,  the  proposed  LD  reliability  projection  model  of 
Ith  shift  has  been  developed  by  adapting  the  Arrhenius 
relationship  described  as 

Ith(Ti)  =  Ith  exp  (p~f  —)  C1) 

where  Ti  is  a  test  temperature  for  thermal  characteriza¬ 
tion,  T2  is  an  ambient  temperature  under  an  operating 
condition,  and  T0  is  the  characteristic  temperature  [12]. 
The  Arrhenius  relationship  is  simple  but  efficient  for  de¬ 
veloping  the  thermal  degradation  of  LD  in  terms  of  Ith  • 
From  Eq.  (1),  once  T0  is  determined,  then  it  is  possible 
to  determine  Ith  at  an  elevated  temperature  as  well  as 
A  Ith  defined  as 

AT  / rp\  Ith{Tl)  —  Ith{?2)  /Q\ 

A'“(T)  -  — z m —  ( ' 
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By  using  A Ith(T)  definition  in  Eq.  (2),  Eq.  (1)  can  be 
expressed  as 

AI*h(Ti)  =  exp  ~  1  (3) 

In  order  to  develop  a  long-term  degradation  model  of  LD, 
the  model  has  to  be  accurate  and  simple  enough  to  be 
conveniently  applied  for  the  extrapolation  of  LD  lifetime. 
The  conventional  methods  for  predicting  degradation  of 
Ith  are  by  means  of  the  power-law  model  [13,14]  described 
as 

A Ith(t)  =  A  tm  exp  (4) 

where  Ea  is  the  activation  energy,  k  is  Boltzmann’s  con¬ 
stant  (8.62xl0“5  eV/°K),  Ta  is  the  aging  temperature, 
m  is  an  exponent,  and  A  is  the  empirical  constant.  Then, 
the  lifetime  model  is  developed  by  equating  A Ith(T)  = 
AIth{t)  from  Eqs.  (3)  and  (4): 


t  =  C* 


0  0.5  1  1.5  2 


(Tb-Tc)/T0 


Ea/(k*Ta) 

Fig.  4.  The  effect  of  parameter  variations  of  the  proposed 
lifetime  projection  model  in  Eq.  (5):  (a)  the  initial  thermal 
parameters  and  (b)  the  lifetime  projection  parameters. 


where  is  the  base  temperature  during  thermal  charac¬ 
terization,  Tc  is  the  critical  temperature  of  thermal  degra¬ 
dation  of  Ith  shift,  and  C  is  the  empirical  constant. 

In  order  to  apply  the  proposed  model  for  lifetime  pro¬ 
jections,  Tb  has  to  be  correlated  with  A Ith  from  the  initial 
thermal  characterization  measurement  as  shown  in  Fig. 
2(b). Then,  Tc  is  chosen  according  to  the  failure  criteri¬ 
on  (z.e.,  Tc  =  Tb@AIth  =  +50  %).  As  shown  in  Fig. 
4,  the  variations  of  proposed  model  parameters  have  re¬ 
vealed  that  the  lifetime  projection  is  mainly  affected  by 
the  accuracy  of  Ea. 

The  accelerated  life  test  results  are  shown  in  Fig.  5. 
We  have  monitored  the  rate  of  LD  degradation  in  a  con¬ 
ventional  method  with  Ith  shift  as  shown  in  Fig.  5(a), 
and  the  activation  energy  of  LD  is  found  to  be  0.47  eV  by 
determining  lifetimes  at  A Ith  —  +50  %  as  shown  in  Fig. 
5(b).  The  LD  degradation  rate  in  terms  of  Ith  shift  as 
a  function  of  ambient  temperatures  is  0.3  %/hours,  0.4 
%/hours,  and  0.5  %/hours  at  50  °C,  60  °C,  and  70  °C, 
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Fig.  5.  The  conventional  life  test  of  LD  monitoring  Ith  shift 
during  the  accelerated  lifetime  test:  (a)  Ith  shift  measured  at 
50  °C,  60  °C,  and  70  °C  under  the  constant  current  injection 
of  100  mA  and  (b)  the  activation  energy  of  LD  degradation 
was  calculated  to  be  0.47  eV. 
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Fig.  6.  The  lifetime  comparison  of  experimental  measure¬ 
ments  and  simulated  results  of  the  proposed  lifetime  model 
projections. 

respectively.  This  linear  relationship  of  the  thermal  ac¬ 
celeration  life  test  reveals  that  the  LD  degradation  mech¬ 
anism  is  constant  under  the  temperature  range. 

The  simulated  results  of  proposed  lifetime  projection 
model  at  50  °C  have  been  compared  with  the  experimen¬ 
tal  measurements  of  the  LD  degradation  as  shown  in  Fig. 
6,  where  the  LD  lifetime  at  A Ith  —  +50  %  is  measured 
and  calculated  to  be  220  hours  at  the  aging  temperature 
of  50  °C.  In  order  to  apply  the  model  to  a  lifetime  projec¬ 
tion,  Eq.  (5)  can  be  simplified  by  using  a  series  expansion 
and  m  «  1; 

'""’■(tP)  (6) 

where  Q  =  C  •  exy{Ea/(k  •  Ta )}  in  Eq.  (5).  Eq.  (6) 
shows  a  linear  relationship  of  LD  lifetimes  in  terms  of 
Tj,  meaning  that  the  long-term  LD  degradation  is  lin¬ 
ear  with  thermal  degradation.  From  the  preliminary  life 
test  result,  Tc  was  calculated  with  the  LD  degradation  as 
shown  in  Fig.  6  where  Tc  for  A Ith  =  +50  %  was  found 
to  be  about  38  °C  at  Ta  =  Ti  =  50  °C.  The  lifetime 
rate  of  thermal  degradation  was  determined  to  be  16.9 
hours/0 C  at  the  operating  temperature  of  50  °C.  For  the 
application  of  proposed  model  to  screen  LDs,  Tc  and  T0 
have  to  be  determined  from  the  initial  thermal  charac¬ 
terization  where  small  Tc  and  large  T0  are  desirable  for 
the  guarantee  of  LD  reliability. 

III.  SUMMARY 

In  conclusion,  we  have  developed  a  lifetime  projection 
model  of  LD  degradation.  The  LD  degradation  mecha¬ 
nism  of  long-term  aging  test  was  observed  as  same  as  that 


monitored  in  the  thermal  characterization.  By  correlat¬ 
ing  initial  thermal  characteristics  and  long-term  degra¬ 
dation,  a  relationship  between  LD  degradation  and  am¬ 
bient  temperature  has  been  investigated.  The  proposed 
model  is  found  to  be  efficient  for  the  lifetime  projection 
of  LDs,  which  requires  a  thermal  characterization  result 
measured  at  t  =  0. 

Further  experimental  results  are  required  at  various 
temperature  ranges  and  operating  conditions  to  enhance 
the  accuracy  of  the  proposed  lifetime  projection  model. 
Also,  researches  on  failure  mechanism  analysis  of  the  LD 
degradation  are  necessary  to  support  the  physical  mech¬ 
anism  of  the  proposed  lifetime  projection  model. 
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Ultra-short  channel  AlGaAs/GaAs  High  electron  Mobility  Transistors  have  been  fabricated  with 
gate  lengths  ranging  from  35  nm  to  115  nm,  in  order  to  examine  the  characteristics  of  sub-100 
nm  HEMT  scaling.  Measurements  of  the  transconductance  and  extraction  of  the  effective  electron 
velocity  show  a  initial  decrease  in  these  quantities  near  50  nm  of  gate  length  due  to  the  dominance  of 
short-channel  effect.  The  rise  in  transconductance  below  this  gate  length  is  attributed  to  the  onset  of 
velocity  overshoot  in  the  channel  region.  We  have  investigated  this  behavior  by  comparison  between 
the  effective  average  electron  velocities  obtained  analytically  from  the  measured  transconductance 
and  those  calculated  numerically  from  the  transient  transport  model.  The  results  yield  qualitative 
agreement  with  both  the  measurements  and  the  interpretation  given  above. 


I.  INTRODUCTION 

Recent  progress  in  electron  beam  lithography  and 
molecular  beam  epitaxial  growth  technology  has  brought 
critical  dimensions  of  a  field-effect  transistor  down  to  100 
nm.  The  enhanced  dc  and  microwave  characteristics  of 
GaAs  based,  subquarter-micron  channel  High  Electron 
Mobility  Transistors  (HEMTs)  are  direct  consequences  of 
efforts  to  decrease  the  gate  length  [1—3].  Reducing  the 
gate  length  results  in  a  smaller  gate  aspect  ratio,  how¬ 
ever,  deteriorating  device  parameters  such  as  transcon¬ 
ductance  and  threshold  voltage  [4].  On  the  other  hand, 
velocity  overshoot  occurs,  which  improve  the  device  per¬ 
formance  [5,6]. 

In  this  study,  we  describe  how  the  device  characteris¬ 
tics  of  sub-100  nm  gate  AlGaAs/GaAs  HEMTs  are  af¬ 
fected  by  the  carrier  transport  properties  governed  by 
velocity  overshoot  due  to  near-ballistic  electrons  and  by 
short-channel  effect  due  to  very  low  gate  aspect  ratio. 

II.  DEVICE  FABRICATION 

AlGaAs/GaAs  HEMTs  were  fabricated  on  Molecular 
Beam  Epitaxy  (MBE)  grown  wafers.  The  wafers  had 
a  5  nm  Si-doped  2xl018  cm'”3  n+-GaAs  cap  layer,  35 
nm  Si-doped  4x  1018  cm"3  n+-AlGaAs  layer,  300  nm  un¬ 
doped  GaAs  layer,  and  a  semi-insulating  GaAs  substrate 
heterostructures.  High  doping  concentration  in  the  n+- 
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AlGaAs  active  layer  and  the  absence  of  an  undoped  Al- 
GaAs  spacer  layer  maximizes  the  carrier  density  in  the 
channel. 

The  fabrication  requires  four  mask  levels  to  define 
mesa,  source-drain  contacts,  pads,  and  gate.  All  ex¬ 
posures  were  accomplished  using  electron-beam  lithog¬ 
raphy.  The  active  mesa  area  is  first  defined  by  using 
Shipley  SAL  601-ER7  negative  electron-beam  resist  and 
wet  etching  in  a  1:1:150  mixture  of  H202:H2S04:H20 
solution.  The  resist  is  spun  to  obtain  a  thickness  of  500 
nm,  and  developed  in  Shipley  SAL  MF-622  developer  for 
2.5  minutes.  All  three  subsequent  mask  levels  are  defined 
using  positive  e-beam  resist  developed  in  a  3:7  solution 
of  cellosolve:methanol.  The  second  step  is  ohmic  contact 
formation.  AuGeNi  ohmic  contacts  are  formed  by  using 
e-beam  evaporation  and  a  lift-off  process  followed  by  a 
forming  gas  annealing  step.  The  third  step  is  the  forma¬ 
tion  of  the  probing  pads,  which  consist  of  a  5  nm  layer 
of  Cr  topped  by  a  200  nm  layer  of  Au.  Before  the  wafer 
is  patterned  for  the  gate  line,  the  thin  highly  doped  n+- 
GaAs  cap  layer  is  removed  completely  by  wet  chemical 
etching.  To  write  the  gate  line,  positive  electron-beam 
resist  is  spun  on  to  a  thickness  of  70  to  90  nm.  A  thinner 
resist  would  make  smaller  lines  possible.  However,  for 
successful  lift-off,. the  resist  thickness  must  generally  be 
at  least  twice  the  thickness  of  the  deposited  metal.  The 
resist  thickness  is  chosen  to  obtain  a  gate  thickness  of 
30  nm,  sufficient  to  assure  step  coverage  of  the  gate  at 
the  edge  of  the  mesa  area.  The  gate  lines  are  35  nm  to 
115  nm  long  and  20  p,m  wide.  These  are  exposed  at  a 
pixel-to-pixel  spacing  of  21.7  nm  at  40  kV.  The  gates  are 
deposited  Au  metals  defined  by  lift-off.  Figure  1  is  an  op¬ 
tical  micrograph  of  a  completed  AlGaAs/GaAs  HEMT. 
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Fig.  1.  SEM  micrograph  showing  the  active  device  area  of 
a  completed  AlGaAs/GaAs  HEMT. 


Fig.  2.  SEM  micrograph  showing  40  nm  gate  line  of  the 
fabricated  HEMT. 


III.  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

The  fabricated  devices  are  tested  using  a  HP  4145B 
semiconductor  parameter  analyzer  followed  by  gate 
length  measurement  with  a  SEM,  usually  at  300,000 x. 
Figure  2  is  a  SEM  micrograph  showing  a  40  nm  gate  line 
of  the  fabricated  AlGaAs/GaAs  HEMT. 

Figure  3  displays  Ids  vs.  Vos  curves  for  a  40  nm 
gate  length  AlGaAs/GaAs  HEMT  with  the  maximum 
measured  transconductance  of  178  mS/mm.  The  device 
exhibits  good  pinch-off  characteristics  and  no  evidence  of 
breakdown  up  to  Vos  =  2.5  V.  The  measured  transcon¬ 
ductance  is  plotted  as  a  function  of  gate  length  in  Fig.  4. 
The  transconductance  decreases  with  gate  length  to  70 
nm.  Below  this,  the  transconductance  starts  to  increase 
again  for  gates  shorter  than  70  nm.  The  initial  degra¬ 


. 2500/div 
Drain  Voltage  {V) 

Fig.  3.  Ids  vs.  Vds  curves  for  40  nm  gate  length  HEMT. 
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Fig.  4.  Measured  transconductance  vs.  gate  length  for 
HEMTs. 

dation  of  transconductance  with  the  gate  length  occurs 
until  the  gate  length  reaches  to  70  nm,  mainly  due  to 
the  short-channel  effect.  While  the  gate  aspect  ratio, 
defined  here  by  gate  length-to-active  layer  thickness  ra¬ 
tio,  becomes  smaller,  the  short-channel  effect  is  induced 
by  a  non-planar  depletion  layer  under  the  gate,  which 
is  dominated  more  by  the  edge  fringing  regions  than  by 
the  flat  regions  and  acts  less  like  a  parallel  plate  capacitor 
and  more  like  a  circular  capacitor.  The  transconductance 
keeps  decreasing  until  the  gate  length  becomes  of  the  or¬ 
der  of  the  inelastic  mean  free  path  of  electrons.  At  this 
point,  for  gate  length  below  70  nm,  velocity  overshoot 
starts  to  occur.  Here,  the  gate  lengths  are  sufficient¬ 
ly  short  that  electrons  transit  the  entire  channel  region 
without  ever  stabilizing  to  the  saturation  velocity,  thus 
increasing  transconductance. 

The  range  of  intrinsic  transconductance  obtained  for 
the  HEMTs  is  from  140  mS/mm  to  275  mS/mm.  Al- 
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though  these  intrinsic  transconductances  are  lower  than 
published  results  [1,7],  they  are  precisely  what  is  to  be 
expected  from  the  size  of  these  devices,  where  the  aspect 
ratio  is  less  than  2.  By  an  approximate  calculation,  the 
intrinsic  transconductance  can  be  theoretically  obtained 
from  its  definition  for  a  long-gate  HEMT  with  the  satu¬ 
rated  electron  velocity, 

9m, max  —  ~  CgS  ’  Vsat  —  £  *  Vsat{d  +  Ad) 

dVgS 

«  233  mS/mm  (1) 


where  Cgs  is  the  gate-source  capacitance,  e  is  the  permi- 
tivity  of  the  AlGaAs  layer  (~ lx  10“ 10  F/m),  d  is  the 
active  layer  thickness  of  35  nm,  and  Ad  is  the  aver¬ 
age  set-back  distance  of  the  two-dimensional  electron  gas 
(2DEG)  from  the  heterointerface  in  the  GaAs  layer  due 
to  the  quantized  wave  function,  ~8  nm  [8].  The  cal¬ 
culated  intrinsic  transconductance  is  about  30  to  40  % 
higher  than  the  measured  one  of  a  70  nm  gate  length 
HEMT.  This  deterioration  of  transconductance  is  the  di¬ 
rect  result  of  short-channel  effect.  Generally,  the  electron 
saturation  velocity  of  very  short  gate  length  FETs  hav¬ 
ing  a  gate  aspect  ratio  less  than  5  or  gate  length  shorter 
than  about  100  nm  should  take  into  consideration  the 
short  channel  effect.  The  effective  average  electron  ve¬ 
locity  of  a  HEMT,  ve//,(MO£>)  can  be  obtained  by  com¬ 
pensating  with  a  short-channel  effect  due  to  the  non-flat 
geometry  of  the  gate  depletion  region.  Figure  5  shows 
the  schematic  of  an  effective  gate  length  geometry  at 
pinch-off  in  a  HEMT.  As  the  gate  length  decreases,  the 
effective  gate  length  will  be  increasingly  dominated  by 
the  extended  gate  length  of  the  lateral  depletion  width 
due  to  the  short-channel  effect.  When  the  length  of  the 
gate  depletion  region  becomes  equal  to  the  thickness  of 
the  active  region  including  the  average  set-back  distance 
of  the  two-dimensional  electron  gas  (2DEG),  the  HEMT 
operates  at  channel  pinch-off  condition  and  drain  current 
starts  to  saturate.  In  general,  the  drain-source  bias  Vds 
is  much  higher  than  the  gate-source  bias  Vqs  at  pinch-off, 
and  the  lateral  depletion  region  beyond  the  physical  gate 


Fig.  5.  Schematic  representation  showing  the  effective  gate 
length  of  a  HEMT. 


length  is  extended  mainly  toward  the  drain  region,  espe¬ 
cially  when  the  drain  voltage  is  increased  beyond  Vd, sat¬ 
in  this  condition,  the  contribution  of  the  laterally  ex¬ 
tended  depletion  region  to  the  effective  gate  length  is 
mainly  determined  by  the  magnitude  of  the  gate-drain 
lateral  depletion  region.  Alsp,  the  shape  of  the  depletion 
region  may  be  assumed  to  be  a  rectangle,  which  repre¬ 
sents  the  complete  pinch-off  condition  to  have  maximum 
effective  gate  length  (assuming  the  worst  case).  Then, 
the  effective  gate  length  of  a  HEMT,  ^>e//,(MOD)  can 
be  approximated  by 

L9)eff(MOD)  =  Lg  +  (d  +  Ad).  (2) 

Here,  (d  +  Ad)  is  the  extended  gate  length  due  to  the 
gate-drain  lateral  depletion  region.  The  gate  aspect  ratio 
compensation  factor  for  a  HEMT,  M,  is  given  by 

_  A eJJ(MOD )  Lg,eff(MOD)  ~  W 

A0  Lg  ■ W 

(d+M 

Lg 


where  Aej /.(MOD)  and  A0  are  the  effective  HEMT  and 
normal  FET  (larger  gate  HEMT)  gate  areas  of  the  gate 
capacitance,  Lg  is  the  normal  gate  length,  and  W  is  the 
gate  width.  Then,  the  effective  average  electron  velocity 
for  a  HEMT,  vejf^MOD)  is 


Veff,(MOD )  =  v  ■  M 

__  Ad)  j  (d  +  Ad) 

9  I  l~9  .  ' 


(4) 


By  using  the  above  estimates,  the  effective  average 
electron  velocity  of  the  HEMTs  is  plotted  as  a  function 
of  gate  length  in  Fig.  6.  The  effective  average  electron 
velocities  for  HEMTs  having  gate  lengths  larger  than  70 
nm  (those  which  do  not  show  overshoot),  are  between 
0.95xl07  cm/sec  and  1.12xl07  cm/sec,  and  these  are 
approximately  equal  to  the  saturated  electron  velocity, 


Gate  length  (nm) 


Fig.  6.  Effective  average  electron  velocity  of  the  HEMTs  as 
a  function  of  gate  length. 
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~1x107  cm/sec.  This  indicates  that,  while  this  might  be 
an  overly  simple  correction,  direct  fit  of  the  effective  aver¬ 
age  electron  velocity  by  compensating  the  short-channel 
effect  confirms  Eq.  (4)  to  within  10  to  15  %.  As  the 
gate  length  decreases  below  70  nm,  the  effective  aver¬ 
age  electron  velocity  increases  and  reaches  a  maximum 
of  2.55xl07  cm/sec  for  a  gate  length  of  40  nm.  Veloc¬ 
ity  overshoot  is  responsible  for  this  drastic  increase  in 
effective  average  electron  velocity. 

To  investigate  the  velocity  overshoot,  a  transport  mod¬ 
el  based  on  the  Retarded  Langevin  equation  (RLE)  was 
used.  The  time  scales  for  transport  under  the  gate  here 
are  comparable  to  the  memory  time  within  the  RLE 
kernel.  That  is,  the  field  seen  by  an  individual  elec¬ 
tron  changes  significantly  in  a  time  comparable  to  the 
relaxation  times.  Thus,  retardation  and  memory  effects 
must  be  considered  with  respect  to  the  ordinary  Langevin 
equation.  Start  by  considering  an  ensemble  of  carriers 
initially  at  equilibrium  with  the  lattice,  and  characterized 
by  a  Maxwellian  distribution  function  with  <  v 2  >=  3 
kBT/m*,  with  T  being  the  lattice  temperature.  At  a 
certain  time,  t  =  0,  apply  a  macroscopic  and  homoge¬ 
neous  electric  field  whose  amplitude  is  sufficiently  large 
to  generate  a  hot  carrier  distribution.  These  conditions 
give  rise  to  a  transient  dynamic  response  (TDR)  of  the 
carriers,  velocity  overshoot  and  retarded  relaxation,  all 
of  which  arise  from  the  retarded  Langevin  equation  [9]. 
This  leads  to  the  time  response  of  velocity  equation  after 
inverse  Laplace  transforming  of  X(t) 


Fig.  6  in  comparison  with  the  effective  average  electron 
velocity  obtained  analytically  from  the  measured  data. 
The, simulated  result  matches  the  measured  data  reason¬ 
ably  well,  and  confirms  the  velocity  overshoot  becomes 
significant  below  the  gate  length  of  about  70  nm  in  our 
devices. 

IV.  CONCLUSIONS 

Sub-100  nm  AlGaAs/GaAs  HEMTs,  with  gate  lengths 
from  35  nm  to  115  nm,  were  fabricated  and  have 
been  demonstrated  successfully  with  electron-beam  litho¬ 
graphic  techniques  on  MBE  grown  epitaxial  wafers. 
These  devices  indicate  that  short-channel  effect  and  ve¬ 
locity  overshoot  are  occurring.  As  the  gate  length  de¬ 
creases  from  105  nm  and  reaches  to  70  nm,  the  decrease 
in  transconductance  is  the  result  of  low  gate  aspect  ratio 
induced  short-channel  effect.  Then,  the  overshoot  can 
be  observed  once  the  gate  length  is  approximately  the 
inelastic  mean  free  path  of  the  carriers  with  further  re¬ 
duction  in  gate  length.  The  measured  transconductance 
and  the  effective  electron  velocity  increase  to  a  maximum 
of  178  mS/mm  and  2.55  x  107  cm/sec  for  a  40  nm  and  a  35 
nm  HEMT,  respectively.  Simple  modeling  of  the  effective 
electron  velocity  by  an  analytical  approximation  and  the 
average  transient  velocity  by  a  Retarded  Langevin  equa¬ 
tion  yield  qualitative  agreement  with  the  experimental 
results. 


eE  fx 

v(t)  =  v(0)  •  X(t)  +  —  J  X(u)du 

-\ — /  R(t  -  u)  •  X(u)du,  (5) 

m*  J o 

which  is  a  general  expression  of  the  evolution  of  the  ve¬ 
locity  of  each  carrier,  with  a  random  force  of  R(t).  The 
random  force  is  the  non-regular  (non-averaging)  part  of 
the  interaction  of  the  carriers  with  the  lattice.  Equation 
(5)  is  the  Retarded  Langevin  equation,  since  the  rate  of 
change  of  the  average  velocity  depends  upon  past  values 
of  the  velocity.  The  function  X(*)  is  obtained  by  averag¬ 
ing  over  the  ensemble  (assuming  that  R  is  uncorrelated 
to  the  velocity,  which  in  essence  means  noninteracting 
carriers).  This  yields 


m  = 


i 

8  +  l(s) 


m*  dvd 
lE  '  ~dt  ’ 


(6) 


where  Vd  is  the  drift  velocity  and  approaches  the  satu¬ 
ration  velocity.  Thus,  X(t)  represents  the  macroscopic 
acceleration  of  the  ensemble,  but  can  also  be  shown  to 
be  the  non-st  at  ionary  function  for  the  velocity.  Equation 
(6)  is  solved  in  a  parameterization  fitting  routine  for  the 
initial  condition  <  v(0)  >=  0.  The  results  are  plotted  in 
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Package  design  and  electrical  performance  of  electro- absorption  modulator  integrated  distributed 
feedback  laser  diode  (MIDFB-LD)  modules  which  are  based  on  InGaAsP/InGaAsP  strained  multiple 
quantum  well  (MQW)  DFB  laser  diodes  were  discussed.  Among  the  many  aspects  of  packaging  the 
laser  diodes,  we  emphasize  the  electrical  characteristics,  such  as  frequency  response  and  return  loss  of 
the  laser  diode  modules  considering  the  structure  of  the  module.  Besides  the  MIDFB-LD,  module 
consists  of  a  butterfly  package  with  a  K-connector,  a  thermo-electric  cooler,  a  thermistor,  and  a 
monitor  photodiode.  For  the  electrical  signal  path,  the  components  are  a  K-connector,  a  microstrip 
line,  a  MIDFB-LD,  an  impedance  matching  resistor,  and  2  wire  bondings.  From  the  model  and  the 
measured  data,  as  in  the  case  of  the  laser  diode  module,  the  most  important  component  affecting 
the  electrical  characteristics  is  wire  bonding,  considered  as  inductors  at  high  frequency  range.  As  a 
result,  we  could  propose  optimum  wire  bonding  geometry  and  selection  of  bonding  wires. 


I.  INTRODUCTION 

In  building  information  super-highway,  the  use  of  high- 
bit-rate  optical  communication  systems  is  inevitable.  As 
a  modulated  light  source,  laser  diode  (LD)  module  for 
direct  modulation  or  a  combination  of  laser  diode  and 
external  modulator  such  as  LiNbC>3  Mach-Zender  mod¬ 
ulator  and  electro-absorption  modulator  will  be  a  core 
component.  While  directly  modulated  LD  module  has 
inherent  chirping  at  the  wavelength  of  1550  nm  to  trans¬ 
mit  using  single  mode  fiber,  externally  modulated  light 
sources  could  control  the  amount  of  chirping  even  into 
negative.  This  makes  externally  modulated  light  source 
very  promising  one  for  high-bit-rate  optical  communica¬ 
tion  system.  Also,  The  fact  that  MIDFB-LDs  are  very 
small  in  size  and  are  not  much  sensitive  to  temperature 
variation  likelihood  in  LiNbOs  Mach-Zender  modulator 
shows  that  MIDFB-LD  has  inevitable  reason  for  choosing 
as  a  modulated  light  source. 

For  high-bit-rate  transmission,  the  modulation  band¬ 
width  must  exceed  required  bit-rate.  For  use  at  the  bit 
rate  of  10  Gbps,  the  3  dB  small  signal  modulation  band¬ 
width  must  reach  10  GHz.  In  this  paper,  effect  of  pack- 
aging  parasitics,  especially  wire  bonding,  on  bandwidth 
and  return  loss  will  be  discussed. 


II.  MIDFB-LD  STRUCTURE 
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Fig.  1.  Structure  of  modulator  integrated  distributed  feed¬ 
back  laser  diode. 


The  structure  of  the  electro- absorption  (EA)  modula¬ 
tor  integrated  with  a  gain  coupled  distributed  feedback 
(GC-DFB)  laser  is  schematically  shown  in  Fig.  1.  This 
integrated  device  consists  of  an  EA  modulator  and  a  GC- 
DFB  laser.  We  utilized  butt-coupling  technology  to  inte¬ 
grate  the  EA  modulator  and  the  DFB  laser,  in  a  simple 
process  requiring  only  two  epitaxial  steps.  An  electrical 
isolation  region  was  formed  between  the  DFB  laser  and 
the  modulator  to  eliminate  electrical  crosstalk.  In  order 
to  decrease  excess  chirping  effects  caused  by  the  optical 
feedback  reflected  from  modulator  facet,  the  modulator 
facet  was  coated  with  an  antireflection  (AR)  film  and 
a  window  structure  was  introduced  into  the  modulator 
facet.  We  fabricated  the  planar  buried  heterostructure 
MQW  modulator  with  a  semi-insulating  (SI)  InP:Fe  cur¬ 
rent  blocking  layer  in  favor  of  the  parasitic  capacitance 
minimization  of  optical  modulator.  Also,  we  used  poly- 
imide  to  minimize  pad  capacitance. 
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Fig.  2.  Photograph  of  the  MIDFB  module. 


III.  MODULE  DESCRIPTION  AND 
MEASUREMENT  SETUP 

In  high-speed  optical  module,  high-frequency  and 
broad-band  characteristics  are  required.  These  require¬ 
ments  have  led  to  adaption  of  many  advanced  electronic 
packaging  technologies.  In  the  interconnection  of  high 
speed  device,  minimization  of  parasitic  effects  is  one  of 
the  key  problems.  The  flip-chip  bonding  technique  which 
reduces  interconnection  parasitics  drastically  is  the  alter¬ 
native  method  which  substitutes  wire  bonding.  However, 
flip-chip  bonding  has  another  problems  such  as  placement 
of  both  p ,  n-metal  on  the  top  side  of  the  laser  diode,  dif¬ 
ficulty  of  forming  solder  bumps,  removal  of  residual  flux, 
and  lack  of  heat  dissipation  paths  if  the  device  chip  is 
small  and  has  few  bumps.  These  difficulties  retard  the 
development  of  flip-chip  application  to  high-speed  laser 
diodes.  There  are  few  investigators  reporting  the  ap¬ 
plication  of  flip-chip  bonding  to  high-speed  laser  diodes 
[1—3].  Thus,  we  used  conventional  wire  bonding  as  an 
interconnection  method  in  this  study. 

The  module,  shown  in  Fig.  2,  consists  of  a  Wiltron 
K-connector,  a  50  Q  microstrip  transmission  line,  wire 
bondings,  EA  modulator,  wire  bonding  to  an  impedance 
matching  resistor.  The  K-connector  is  soldered  to  the 
microstrip  line  and  the  microstrip  line  is  wire-bonded 
to  EA  modulator,  and  another  bonding  wire  is  placed 
to  connect  to  the  50  Q  matching  thin  film  resistor,  and 
the  rz-side  (bottom  side)  of  MIDBF-LD  is  die-bonded  on 
ground  block.  Third  wire  bonding  is  used  to  connect  the 
p-side  of  the  laser  diode  to  the  package  pin  through  which 
LD  bias  will  be  appled.  All  the  above  electrical  parts  are 
mounted  on  a  small  copper  alloy  sub-mount.  Below  the 
sub-mount,  to  pump  out  the  heat  generated  by  the  device 
chip,  thermoelectric  cooler  (TEC)  is  bonded  to  the  but¬ 
terfly  package.  Meanwhile,  to  control  the  thermoelectric 
cooler  the  temperature  sensor,  i.e.,  thermistor,  is  located 
near  the  device  chip  on  the  copper  alloy  sub-mount. 

The  measurement  setup  of  modulation  bandwidth  and 
return  loss,  as  shown  in  Fig.  3,  consists  of  a  lightwave 
component  analyzer,  a  power  meter,  a  thermoelectric 


LD  module 


Fig.  3.  Small  signal  modulation  measurement  setup. 


cooler  controller,  a  current  source,  a  voltage  source,  a 
bias  Tee,  and  a  3  dB  optical  coupler.  The  thermoelectric 
cooler  controller  was  used  to  maintain  a  constant  temper¬ 
ature,  21  °C,  of  the  module.  The  optical  coupler  splitted 
the  optical  power  generated  from  the  module  into  halves. 
One  of  them  was  connected  to  the  optical  power  meter, 
and  the  other  was  connected  to  the  lightwave  component 
analyzer.  In  this  case,  we  were  able  to  monitor  the  optical 
power  in  situ. 

IV.  SMALL  SIGNAL  CIRCUIT  MODEL 
AND  SIMULATION  RESULTS 

The  equivalent  circuit  model  of  the  packaged  module  is 
shown  in  Fig.  4.  There  are  a  connector,  TLi,  a  transmis¬ 
sion  line  having  characteristic  impedance  of  50  a 

bonding  wire  to  EA  modulator,  Ci,  EA  modulator,  L2)  a 
bonding  wire  to  matching  resistor,  R\y  and  L3,  a  bonding 
wire  between  TL\  and  R\.  By  optimizing  the  bonding 
wire  values,  optimized  Li,  L2i  £3,  values  are  L\  <  0.4 
nH,  0.4  <  L2  <  2  nH,  L2  =open.  The  simulated  results 
of  Li  =  0.4  nH,  L2  =  0.4  nH,  and  L3  =open,  are  shown 
in  Fig.  5.  The  measured  results  with  £3,  being  wire 
bonded  with  5  mil  width  ribbon  wire  of  2  times,  and  L3 
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(a)  (b) 

Fig.  5.  Small  signal  simulation  results  of  return  loss  (a),  and  frequency  response  (b). 


Fig.  6.  Measured  frequency  response  of  £3  wire  bonded  (a),  and  £3  opened  (b)  for  the  same  chip. 


Fig.  7.  Measured  frequency  response  (a)  and  return  loss  (b). 

opened  after  removing  the  bondig  wires  are  shown  in  Fig. 

6  for  the  same  chip. 

From  the  wire  bonding  condition  above  mentioned,  5 
mil  width  wire  bonded  normal  1  mil  diameter  wire 
bonded  £2,  and  opened  £3,  we  could  obtain  20  GHz 
bandwidth  and  -8  dB  return  loss  at  10  GHz.  Lx  shows 
similar  behavior  for  the  case  of  laser  diode  module  wire 
bonding  fully  explained  in  the  former  work  [4]. 


Frea.(GHz) 

(b) 


V.  CONCLUSIONS 

Method  of  making  a  fully  packaged  1.55  ^m  MIDFB 
laser  diode  module  showing  bandwidth  of  20  GHz  was 
proposed.  The  bandwidth  of  electro-aborption  modula¬ 
tor  was  sensitively  affected  by  wire  bonding  condition  for 
3  wire  bonding  sites.  To  reach  to  maximum  frequency 
response,  the  first  wire  bonding  inductance,  wire  bond- 
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ing  between  transmission  line  and  the  modulator’s  upper 
p-side,  should  be  as  small  as  it  can  be  realized,  and  the 
second  wire  bonding,  between  the  modulator’s  upper  side 
p-side  and  50  fi  matching  resistor,  would  have  rather  vari¬ 
ational  margin  up  to  2  nH,  and  the  third  wire  bonding, 
wire  bonding  between  transmission  line  and  50  £3  match¬ 
ing  resistor,  is  not  necessary.  From  the  previous  work 
[4],  the  geometry  of  the  minimum  inductance  of  the  first 
wire  bonding  will  be  as  wide  as  could  be  realized  and  be 
as  short  as  could  be  done.  From  the  electromagnetic  cal¬ 
culation  of  various  size  and  length  of  bonding  wire,  the 
suitable  and  realistic  dimension  of  the  first  wire  bonding 
would  be  5  mil  (1  mil  =  1/1000  inch)  width  and  below 
20  mil  length,  which  inductance  calculated  was  0.4  nH. 


•  •  *  -  Seong-Su  Park  et  al. 
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In  this  paper,  a  self- aligned  double-polysilicon  capacitor  was  developed  to  obtain  extremely  low 
voltage  coefficient  of  capacitance  (VCC).  Depending  on  the  dielectric  preparation  methods,  the 
electrical  properties  including  VCC,  breakdown  field,  leakage  current,  bias  polarity  and  time-to- 
breakdown  were  investigated.  Among  the  electrical  parameters,  especially  VCC  and  leakage  current 
were  highly  sensitive  to  the  process  conditions.  From  the  results,  tetraethyl  orthosilicate  (TEOS) 
dielectric  films  which  were  deposited  at  670  °C  exhibited  excellent  properties  such  as  VCC,  field 
strength,  and  time-to-breakdown  compared  to  other  films. 


I.  INTRODUCTION 

In  recent  years,  the  double-polysilicon  capacitors  have 
been  widely  used  for  an  analog-digital  CMOS  (Comple¬ 
mentary  Metal-Oxide-Semiconductor  Field-Effect  Tran¬ 
sistor)  technology.  The  advantages  of  double-polysilicon 
capacitors  are  the  low  parasitic  capacitance  and  ex¬ 
cellent  dielectric  isolation  properties  of  both  capaci¬ 
tor  plates  from  the  substrate  [1].  The  metal-oxide- 
semiconductor  (MOS)  capacitor  circuits  generally  per¬ 
form  an  analog/digital  (A/D)  conversion,  analog  attenu¬ 
ation,  and  filtering.  The  performance  and  cost  effective¬ 
ness  of  MOS  capacitors  depend  on  the  accuracy  of  the 
capacitor  matching  and  layout  effect  [2].  In  accordance 
with  a  rapid  scaling  down  the  mixed  analog/digital  large- 
scaled  integrations  (LSI’s),  the  area  of  analog  capacitor 
must  be  scaled  with  transistor  fabrication  technology  [3]. 
Therefore,  the  scaling  down  of  insulator  thickness  is  in¬ 
dispensable  for  reducing  the  capacitor  area.  However, 
it  increases  the  voltage  coefficient  of  capacitance  (VCC), 
which  inversely  proportional  to  the  square  of  the  insula¬ 
tor  thickness.  The  high  VCC  of  capacitor  directly  deteri¬ 
orates  the  accuracy  of  analog  circuits  [4].  For  the  precise 
and  reliable  operation  of  analog  circuits,  the  VCC  of  ca¬ 
pacitor  should  be  kept  as  a  low  value  over  the  wide  range 
of  applied  voltages.  Moreover,  thermal  budget  due  to  the 
additional  process  for  the  analog  modules  should  be  min¬ 
imized  to  keep  the  device  characteristics  of  the  core  logic 
cell  unchanged  [1].  Thus,  special  manufacturing  tech¬ 
niques  are  required  to  build  polysilicon  capacitor,  which 
exhibits  specifically  desired  electrical  behavior. 
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In  this  paper,  we  fabricated  a  double-polysilicon  ca¬ 
pacitor  with  an  extremely  low  VCC  manufactured  using 
0.35  ptm  mixed  analog/digital  CMOS  technology.  The  di¬ 
electrics  of  capacitors  were  prepared  at  low  temperature 
less  than  800  °C  in  order  to  suppress  the  parametric  shifts 
of  CMOS  transistors.  In  addition  to  the  VCC  character¬ 
istics,  the  dielectric  properties  including  breakdown  field, 
leakage  current,  bias  polarity  and  time-to-breakdown  de¬ 
pending  on  the  various  dielectric  preparation  methods 
were  investigated  in  detail. 

II.  EXPERIMENTAL  PROCEDURE 

The  layout  pattern  and  schematic  cross-section  of  dou¬ 
ble  polysilicon  capacitor  in  this  study  were  shown  in 
Fig.  1(a)  and  (b),  respectively.  To  fabricate  the  double¬ 
polysilicon  capacitors,  a  350  nm  thick  field  oxide  was 
grown  on  the  n-well  region.  After  gate  oxidation  of 
MOS  transistors  of  digital  parts  of  wafer,  a  250  nm  thick 
bottom  polysilicon  electrode  was  deposited  by  the  low- 
pressure  chemical  vapor  deposition  (LPCVD)  at  the  tem¬ 
perature  of  560  °C  and  doped  by  the  phosphorous  ion  im¬ 
plantation.  The  bottom  electrode  of  capacitor  also  serves 
as  the  gate  electrodes  of  MOS  transistors.  Subsequently, 
thin  dielectrics  were  prepared  by  different  methods  :  one 
is  thermal  oxide  grown  either  by  wet  or  dry  oxidation 
at  800  °C,  and  another  is  TEOS  film  deposited  at  710 
°C  (TEOS1)  or  670  °C  (TEOS2).  For  the  case  of  TEOS 
films,  annealing  was  performed  at  the  temperature  of  800 
°C  for  20  min  under  the  nitrogen  ambient.  The  resultant 
oxide  thickness  of  TEOS  and  polysilicon  dry  oxide  films 
are  same  as  20  nm,  while  that  of  polysilicon  wet  oxide  film 
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P-type  Substrate 

(b) 

Fig.  1.  The  feature  of  double-polysilicon  analog  capacitor; 
(a)  top  view,  (b)  cross-sectional  view. 

is  about  18  nm.  Then,  the  top  polysilicon  electrode  was 
deposited  and  doped  by  the  phosphorous  impurity.  The 
sheet  resistance  of  polysilicon  electrodes  is  approximate¬ 
ly  38—40  ohm/sq.  Then,  the  capacitor  electrodes  were 
formed  by  titanium  sputtering  and  silicidation.  After  in¬ 
terconnection  process,  final  annealing  was  performed  at 
400  °C  in  nitrogen  ambient  for  30  min.  The  capacitor 
area  is  320x220  ^/m2,  as  shown  in  Fig.  1(a). 

III.  RESULTS  AND  DISCUSSION 

Fig.  2  demonstrates  the  normalized  capacitance  char- 
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Fig.  2.  Variation  of  capacitance  as  a  function  of  applied 
voltage  for  various  dielectrics.  TEOS1  and  TEOS2  represent 
the  TEOS  films  prepared  at  710  °C  and  670  °C,  respectively. 
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acteristics  of  each  dielectric  depending  on  the  applied 
voltages.  The  capacitance  of  capacitor  fabricated  by 
a  conventional  process  usually  decreased  monotonically 
with  applied  voltage  [1].  On  the  contrary,  in  this  work, 
the  capacitance  variation  depending  on  the  applied  volt¬ 
age  is  very  small  and  shows  a  peak  at  zero  applied  volt¬ 
age.  However,  the  capacitance  variations  in  the  negative 
applied  voltage  were  somewhat  larger  than  the  positive 
voltage  due  to  the  impurity  depletion  of  bottom  elec¬ 
trode. 

Considering  the  series  combination  of  oxide  and  space- 
charge  capacitance  of  both  polysilicon  electrodes,  the  lin¬ 
ear  VCC  is  calculated  by  the  following  equation  [2]. 

VCCiVji)  =  Cox2/(3qesiNd).  (1) 

where,  Cox,  q ,  c5{,  and  Nd  is  the  oxide  capacitance, 
electronic  charge,  relative  dielectric  constant  of  silicon, 
and  doping  concentration  of  polysilicon  electrodes,  re¬ 
spectively.  From  the  above  equation,  VCC  property  can 
be  improved  by  increasing  the  doping  concentration  and 
oxide  thickness. 

In  Fig.  3,  the  measured  VCC  of  each  dielectric  was 
shown.  The  quadratic  VCC  represents  the  curvature.  It 
is  obvious  that  the  voltage  coefficients  of  capacitors  high¬ 
ly  depend  on  the  dielectric  growing  methods  and  temper¬ 
ature.  For  the  case  of  thermal  oxides,  wet  oxide  showed 
superior  linear  VCC  property  (about  140  ppm/V)  to  wet 
oxide  (less  than  50  ppm/V).  This  result  may  be  consid¬ 
ered  that  the  amount  of  impurity  depletion  or  redistribu¬ 
tion  in  the  bottom  polysilicon  electrode  was  much  large 
for  the  dry  oxide  due  to  the  comparatively  longer  oxida¬ 
tion  time  (1  hr  and  20  min.)  than  that  of  wet  oxide  (30 
min.).  However,  investigating  the  linear  and  quadratic 
VCC  properties  of  TEOS  dielectrics,  the  low  temperature 
deposited  TEOS  (TEOS2)  shows  much  improved  VCC 
characteristics.  In  particular,  the  linear  VCC  of  capac¬ 
itor  with  TEOS2  dielectric  is  extremely  low  value  of  12 
ppm/V.  Despite  of  a  thin  dielectric  thickness  (~20  nm), 


Dry  Wet  TEOS  1  TEOS  2 
Dielectrics 

Fig.  3.  Linear  and  quadratic  voltage  coefficient  for  various 
dielectrics.  The  data  for  capacitors  without  salicide  contacts 
are  also  shown  as  arrows.  Solid  and  open  circles  represent 
linear  and  quadratic  VCC’s,  respectively. 
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Dielectrics 


Dielectrics 

(b) 

Fig.  4.  Leakage  current  for  various  dielectrics  measured  at 
±5  V  with  (a)  area  capacitor  and  (b)  perimeter  capacitor. 
The  insert  in  Fig.  4(b)  represents  the  top  view  of  perimeter 
capacitor. 


Applied  Voltage  (V) 

Fig.  5.  Typical  Fowler-Nordheim  tunneling  current  curve  of 
a  200  A  TEOS2  capacitor  oxide.  Positive  voltage  was  applied 
at  top  polysilicon  electrode. 


co 


Dielectrics 

Fig.  6.  Variation  of  breakdown  voltage  measured  at  ±100 
nA  for  various  dielectrics. 


VCC  characteristics  of  this  work  were  greatly  improved 
results  compared  to  the  previous  studies  [2,4,5],  due  to 
the  minimization  of  phosphorous  depletion  or  redistribu¬ 
tion  during  TEOS  deposition.  To  compare  the  salicide 
effects,  non-salicided  capacitors  were  also  fabricated.  As 
shown  in  Fig.  3,  the  quadratic  VCC  of  salicided  capacitor 
was  improved. 

Figure  4(a)  and  4(b)  show  the  leakage  current  mea¬ 
surements  for  the  area  and  the  perimeter  capacitors,  re¬ 
spectively.  The  insert  in  Fig.  4(b)  represents  the  top 
view  of  perimeter  capacitor.  Leakage  current  was  de¬ 
fined  as  a  measured  current  at  the  applied  voltage  of  ±5 
V.  From  the  leakage  current  measurements  in  320x220 
/im2  area  capacitor,  capacitor  with  dry  oxide  revealed 
fairly  large  leakage  current.  During  the  high  tempera¬ 
ture  oxidation,  the  surface  roughness  of  bottom  polysili- 
con  was  increased,  which  also  enhanced  the  local  electric 
field  and  then  increased  leakage  current.  The  dielectric 
films  that  were  grown  by  wet  oxidation  or  deposited  by 
670  °C  CVD  (TEOS2)  show  lower  leakage  currents  than 
the  other  films.  In  contrast,  the  capacitor  with  a  wet 
oxide  exhibited  a  little  large  bias  polarity.  This  asym- 


Cumulative  Percent  (%) 


Fig.  7.  Time-dependent  dielectric  breakdown  (TDDB) 
voltage  distributions  for  each  film  measured  at  100  nA.  Posi¬ 
tive  voltage  was  applied  at  top  poly  silicon  electrode. 


metrical  bias  polarity  is  also  the  consequence  of  unequal 
charge  injection  between  the  two  electrodes. 
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Figure  5  shows  a  typical  Fowler-Nordheim  current- 
voltage  (I-V)  curve  through  the  20  nm  TEOS  2  capaci¬ 
tor  oxide.  Positive  voltage  was  applied  at  top  polysilicon 
electrode.  The  typical  distribution  of  breakdown  voltages 
is  between  24  and  30  V. 

Figure  6  shows  that  the  breakdown  field  property  of 
each  film  measured  at  ±100  nA,  respectively.  The  wet  ox¬ 
ide  had  an  excellent  leakage  current  property  but  showed 
a  poor  breakdown  field  property. 

Figure  7  shows  time-dependent  dielectric  breakdown 
(TDDB)  voltage  distributions  for  each  film  measured  at 
the  current  of  100  nA.  Both  TEOS  oxides  have  shown 
better  reliability  than  the  thermal  oxides.  For  the  wet 
oxide,  initial  failure  rate  is  high,  that  is  closely  related 
with  lower  breakdown  field  in  Fig.  6. 

IV.  CONCLUSIONS 

We  investigated  the  electrical  properties  of  polysilicon 
capacitors  depending  on  the  dielectric  materials  and  pro¬ 
cess  conditions  and  fabricated  double  polysilicon  capac¬ 
itors  featuring  the  excellent  VCC  properties  compared 
to  the  previous  works.  From  the  results,  TEOS  film  de¬ 
posited  at  the  temperature  of  670  °C,  exhibited  excel¬ 
lent  properties  such  as  VCC,  field  strength,  and  time-to- 
breakdown  Compared  to  the  thermal  oxides.  Despite  of  a 


very  thin  dielectric  thickness  (~20  nm)  of  TEOS  film,  the 
improvement  of  the  VCC  characteristics  was  due  to  the 
minimization  of  phosphorous  depletion  or  redistribution 
during  the  film  deposition.  Such  a  low  process  tempera¬ 
ture  may  also  improve  the  breakdown  field  charateristic 
of  capacitor  and  also  minimize  the  variations  of  electri¬ 
cal  parameters  of  CMOS  transistors.  Therefore,  the  op¬ 
timized  process  of  an  analog  capacitor  proposed  in  this 
paper  can  be  applied  for  precise  deep  submicron  mixed 
analog/digital  circuit  design. 
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Longitudinal  Spin-Charge  Responses  and  Collective  Modes 
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K.  S.  Yi*,  S.  P.  Hong  and  Y.  N.  Bae 
Department  of  Physics,  Pusan  National  University,  Pusan  609-735 

J.  J.  Quinn 

Department  of  Physics  and  Astronomy,  University  of  Tennessee ,  Knoxville,  Tennessee  37996 
and  Oak  Ridge  National  Laboratory,  Oak  Ridge,  Tennessee  37831,  U.S.A. 

The  generalized  longitudinal  charge-spin  susceptibility  functions  and  the  collective  excitations  of 
spin-polarized  quantum  structures  are  investigated  within  the  framework  of  spin-dependent  linear 
response  theory.  We  evaluate  the  charge  response  and  the  longitudinal  spin  response  to  a  general 
external  disturbance.  Exchange-correlation  effects  between  electrons  of  spin  a  and  a*  are  included  by 
using  spin-polarization  dependent  generalized  local  field  factors.  Both  the  collective  charge-density 
and  spin-density  excitations  are  examined.  The  present  results  are  compared  with  the  case  of  a 
spin-unpolarized  system.  In  contrast  to  the  result  for  an  unpolarized  system,  the  mixing  of  charge 
and  spin  responses  results  in  coupled  charge-spin  excitations  in  the  spin  polarized  system. 


I.  INTRODUCTION 

A  spin-polarized  quantum  structure  can  be  fabricated 
in  a  semiconductor  quantum  well  (QW)  by  applying  an 
effective  dc  magnetic  field  B  perpendicular  to  the  QW 
[1,2].  The  spin-polarized  quantum  well  (SPQW)  of  n- 
electrons  per  unit  area  consists  of  na  electrons  of  major¬ 
ity  spin  a  and  nd  electrons  of  minority  spin  a  embedded 
in  a  uniform  positive  charge  background.  The  spin  po¬ 
larization  C  is  defined  by  (  =  —  nd)l(nc r  +  n&).  Pre¬ 

vious  investigations  of  the  linear  response  and  collective 
excitations  of  a  SPEG  were  either  limited  to  the  case  of 
infinitesimal  spin  polarization,  or  they  used  the  Hartree- 
Fock  approximation  (HFA)  or  the  local  spin-density  ap¬ 
proximation  (LSDA)  [3-5].  In  this  work  we  include  the 
spin  correlations  effects  by  introducing  spin-dependent 
local  field  factors  Ga± .  In  this  paper  we  present  the  lin¬ 
ear  response  of  a  SPQW  to  an  electromagnetic  perturba¬ 
tion  with  arbitrary  space  and  time  dependence.  The  dis¬ 
persion  relations  of  charge-density  wave  (CDW)  and  spin- 
density  wave  (SDW)  excitations  are  derived  and  com¬ 
pared  with  the  existing  theories  of  spin-unpolarized  or 
infinitesimally  spin-polarized  QW. 

II.  FORMULATION 

The  SPQW  is  described  in  terms  of  two  different  spin 
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subband  ladders  with  eigenvalues  £n(T(fc)  and  eigenfunc¬ 
tions  | nak  >.  Here  n  is  the  subband  level  index,  a  the 
spin  index,  and  k  the  wavevector  parallel  to  the  layer. 
These  spin  subbands  are  eigenstates  of  an  unperturbed 
Hamiltonian  Ho.  The  exchange-correlation  interac¬ 
tions  between  electrons  of  the  same  spin  (ss)  or  of  oppo¬ 
site  spins  (ss)  are  included  by  employing  spin-dependent 
local-field  factors  Gs±  and  Gj*  [6,7].  We  assume  the 
SPQW  is  disturbed  by  an  infinitesimal  external  elec¬ 
tric  potential  vo(t*,*)  and  magnetic  field  bo(r,t).  In  re¬ 
sponse  to  these  external  disturbances,  charge  and  spin 
fluctuations  are  set  up  in  the  system,  and  the  Hamil¬ 
tonian  for  an  electron  with  spin  s  can  be  approximat¬ 
ed  as  H  =  Hq  +  Hi 5 .  Here  Ho  is  the  Hamiltonian  of 
a  single  quasiparticle  of  the  SPQW  in  the  absence  of 
the  external  disturbance,  and  H\s  is  the  spin- dependent 
self-consistent  effective  perturbation.  In  this  work  we 
assume  the  spin-splitting  is  much  greater  than  the  Lan¬ 
dau  level  splitting  and  ignore  any  degree  of  orbital  quan¬ 
tization.  The  effective  magnetic  field  B  is  taken  to 
be  in  the  z  direction.  Since  the  most  general  distur¬ 
bance  can  be  decomposed  into  its  Fourier  components, 
we  choose  the  disturbances  [t>o,f>o  and  H\s]  to  vary  as 
M q,w,z),b0(q,UJ,z),  and  His(q, u,  z)]eiwt~^  r  where  q 
and  r  are  the  2D  vectors  corresponding  to  the  wavevector 
of  the  disturbance  and  the  position  parallel  to  the  QW. 
The  self-consistent  magnetic  disturbance  b  is  the  sum  of 
bo  and  47r m,  where  m  is  the  induced  spin  magnetization. 
The  Fourier  component  of  the  most  general  His(r,t)  can 
be  written  as  [2,7,8] 
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His(q,u,  z)  =  70s  •  b(q,  u,  z)  +  v0(q,u>,  z) 

-H>g  f  dz'e-q\z-z'\[6n(q,u),z')  (l^G+(q,uj)) 

J  —  OO 

-6m(q,u,z')sG,~(q,u)].  (1) 

Here  70  is  the  effective  Bohr  magneton  defined  by  70  = 
with  g*,  fJ>B,  s,  and  vq  being  the  effective  g-factor, 
the  Bohr  magneton,  Pauli  spin  operator,  and  the  2D 
Fourier  transform  of  the  bare  Coulombic  potential,  re¬ 
spectively.  Equation  (1)  is  the  generalization  of  the  ef¬ 
fective  interaction  Hamiltonian  of  an  electron  with  spin 
s  in  the  SPQW  in  the  presence  of  infinitesimal  magnet¬ 


ic  and  electric  disturbances.  The  local  fields  Gs+  and 
Gs~  are  responsible  for  charge-  and  spin-induced  cor¬ 
relation  effects  on  an  electron  of  spin  s  [2,7].  For  the 
sake  of  brevity,  the  explicit  q  and  w  dependence  of  the 
local  fields,  fluctuations,  and  disturbances  is  frequently 
not  displayed  in  the  remainder  of  this  paper. 

In  response  to  the  external  disturbance,  a  charge- 
density  and  spin-density  fluctuation  will  be  induced  in 
the  system.  We  evaluate,  using  the  self-consistent  field 
prescription  within  a  standard  density-matrix  technique 
[9],  the  charge-density  fluctuation  6n  and  longitudinal 
spin-density  fluctuation  Smz 


6n(q,u,z') 


Ef  LI  n'ono  <  TKt\H\  (#,  W,  (7  >  )Cncr(‘2’  )  A 

,  V  +n n‘ona{q,u)  <  na\Hi 5 (q,  w,  z) |n'<7  >  £n'*(2/)6i*(*/)  /  ’ 


8mz  (q,u),  z')  = 


E(  Hn'*h<r(q,W,z)  <  n<r\Hi(q ,  W,  z)|nV  >  fn'afcO&urfc')  \ 

,  \  -Rn‘and{qiU)<ncr\Hi  {q,<jjiz)\na>£n>d{z,)ttn<j{z')  )' 


(2) 

(3) 


We  note  that  these  fluctuations  are  related  to  the  self- 
consistent  disturbance  H\  and  that  6mz  vanishes  in  the 
case  of  spin-unpolarized  electron  gas.  In  Eqs.  (2)  -  (3), 
nn'5inj2  is  the  2D  Lindhard-type  electric  (si  =  $2 )  or 
spin  ($i  ^  $2)  susceptibility. 


k 


/o(gnv(fe  +  g))  -  fo(en8(k)) 

en's'(k+q)-ens(k)-huj  +  iT)  * 


(4) 


where  fo(ens(k))  denotes  the  equilibrium  distribution  of 
quasiparticles  in  the  (n,  s )  subband.  We  take  the  matrix 
element  of  the  effective  perturbation,  Eq.  (1),  with  re¬ 
spect  to  the  unperturbed  eigenstates  | nks  >=  eik  r\ ns  > 
where  \ns  >=  £n{z)x$  is  the  product  of  an  envelope 
function  £n(z)  and  a  spin  eigenfunction  Then  tak¬ 
ing  a  2D  Fourier  transform  of  the  resulting  expressions 
in  the  plane  parallel  to  the  QW  and  combining  the  re¬ 
sults  with  Eqs.  (2)  -  (3)  yields  the  coupled  equations 
for  <  nks\His(q}  w,  z)\n,kfsf  >  in  terms  of  the  exter¬ 
nal  charge  and  spin  disturbances.  We  solve  the  coupled 
equations  for  <  nsi  |i7i5|n's2  >  and  substitute  the  cor¬ 
responding  matrix  elements  back  into  the  expressions  of 
the  fluctuations  given  by  Eqs.  (2)  -  (3).  The  fluctuations 
in  charge  and  spin  density  <5n,  6mz  can  then  be  expressed, 
formally,  in  terms  of  a  generalized  susceptibility  matrix! 


X  as  [2,7] 

(  \-(xee  V  M  (h) 

[loSm  J  ~  \Xme  X|| mm  )\  bo  J  '  W 

Here  <po  denotes  the  external  electric  potential  corre¬ 
sponding  to  the  external  disturbance  uo(=  —  e<po).  The 
superscripts  e  and  m  on  \  designate  charge  and  spin 
response  (or  electric  and  magnetic  disturbance),  respec¬ 
tively.  Because  the  condition  for  the  collective  modes 
of  the  system  is  that  self-sustaining  oscillations  in  the 
charge  and  spin  densities  occur  when  (po  and  bo  van¬ 
ish,  these  modes  are  related  to  the  divergence  of  the 
susceptibility  matrix  in  Eq.  (5).  We  now  substitute  the 
fluctuations  given  by  Eqs.  (2)  -  (3)  into  the  right  hand 
side  of  His(q)u),  z)  and  then  take  the  matrix  element 
<  n(r\Hi(q,u),z)\m(Tt  >  to  obtain  the  coupled  equations 
for  <  na\Hiext\ma  >  and  <  ncr\Hiext\mcr  >.  It  is  ex¬ 
tremely  difficult  to  obtain  exact  dispersion  relations  in 
the  general  case.  We  consider  a  simple  case  by  taking 
the  electric  quantum  limit,  in  which  all  of  the  occupied 
states  are  confined  to  the  lowest  subband  of  each  spin.  In 
the  electric  quantum  limit,  the  coupled  equations  reduce 
to 


<  ntr\Hiext\l(r  >  =  £  <  n'alH^lla  >  {  6nn.  -  X„via(«,«)  [  vqF^f{q){\  -  Gj  -  G~)  +  **•&*£&  ]  } 

n ' 

-J2  <  n'd\Hys\lc  >  Xn-ai-o{q,u)  [  vqF^/(q)(  1  -C+  +  G~)  -  }  ,  (6) 

n' 

<  Holler  >  =  £  <  >  {  *nn'  -  x»'M*(«,w)  [  vqF^(q)(l  -  G±  -  G-a)  +  4ttT ]  } 


>  Xn'o\o(q,u)  [  vqF<lla(q)(  1  -  Gt  +  ]  , 

n1 


(7) 
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where  Xnaia  =  Knvia  +  Gloria-  Here  H[xt  denotes 
H[xt  =  7060  +  VQXi.  Longitudinal  collective  modes  are 
given  by  solving  the  coupled  equations  for  the  matrix  el¬ 
ements  <  na\Hiext\l(T  >  and  <  n<r\H\exi\ld-  >  given  by 

Eqs.  (6)  and  (7).  The  structure  factor  Fn/ima^2  (q)  and 

the  overlap  integral  Qno'moi2  are  defined,  respectively, 
as 


ii  ii  r°°  r°° 

=  /  dz  dz,&l(Tl(z)£m<r2(z)e-?|z~i!'1 

J  —  oo  J  —  oo 

)£m'o'2(z  ) 

$n°imC22  -  [  dz  ZnoA^moA^n’o'^im'^tz) 

J  —  OO 


Equations  (6)  and  (7)  are  still  too  involved  to  be  solved 
as  they  stand.  Hence,  we  make  a  further  simplification 
by  assuming  that  only  n  =  n1  terms  contribute  in  the 
sum.  This  means  that  we  neglect  mixing  between  differ¬ 
ent  intersubband  excitations  for  a  given  spin  orientation. 
With  this  assumption  we  obtain  a  simple  relation  be¬ 
tween  matrix  elements  of  the  external  perturbation  H[xi 
and  matrix  elements  of  the  self-consistent  perturbation 

HI- 


<na\H1ext\la> 

<na\Hlext\la> 


<  na\His\la  > 
<na\His\l&> 


Here  the  matrix  DL(q,  w)  is  defined  by 


-XnalaB™_  A 


(9) 


and  A™  and  are  given  by  A™  =  vqF^fll/(q)(l  - 

G+  -  G~)  +  4x70^^  and  B™'  =  vqF™^‘ (q){  1  - 

The  condition  of  the  longitudinal  charge  density  and 
spin  density  modes  is  given  by  the  zeros  of  the  determi¬ 
nant  of  D_L(q,w),  [10]  that  isoe 


(1~ Xncrl<7^-n^)(l  ~  Xnaia  A7^)  —  XnalaXnala Bna 

=  0.  (10) 


In  this  equation  the  last  term  indicates  the  coupling  be¬ 
tween  the  intersubband  excitations  belonging  to  two  dif¬ 
ferent  spin  orientations. 


III.  RESULTS  AND  DISCUSSION 

For  a  purely  2D  system,  the  electron-density  profile  in 
the  2  direction  is  a  6  function,  and  only  the  n  =  1  element 
contributes.  In  this  case  Xioia  equals  n^i a  =  n^,  and 
we  have  =  6ni&ml  and  =  $m-  Thus,  Eq. 

(10)  becomes 


1  =  (t»,(l  -  2 Gxac)  +  4tt7o2)  +  Il99  (vq(l  -  1GT)  +  47r7o2) 

-maaW9d[vq{\  -  G+)(47T7o2  -  vqG-9)  +  vq(l  -  Gi)(4?r72  -  vqG~)}. 


(11) 


(1  —  Hieie  A1^)(l  —  ni^i^A1^)  —  N-lcrlaTiiaieBip  Bi 


3la  pier 
1(7 


For  the  case  of  spin-unpolarized  system,  Iiaa  =  U##  — 

2D  and  Gf  =  Gf  =  G±,  and  thus  Eq.  (11)  reduces  to 
[1  -  II2Du,(l  -  G+)][l  -  n2z> (4tt7o  -  t>?G-)]  =  0.  This  is 
just  a  simple  product  of  the  dispersion  relations  of  charge- 
density  and  spin-density  modes  in  a  spin-unpolarized  sys¬ 
tem.  The  two  modes  are  completely  decoupled  in  this 
case  [2,7].  On  the  other  hand,  in  RPA  where  G±  =  Gf  = 
0,  Eq.  (11)  becomes 

l-(U99+Hg9)(vq+4wjo)  +  16TrjoVqIla9Tl99  =  0,(12) 

where  Ua<7  ^  U^a  in  the  system  of  finite  spin  polariza¬ 
tion.  Even  in  RPA,  it  is  clearly  seen  that,  from  Eq.  (12), 
charge-density  and  spin-density  wave  excitations  are  cou¬ 
pled. 

For  the  case  of  spin-polarized  quantum  wells,  the  dis¬ 
persion  relation  of  intra-spinsubband  excitations  (ncr 
na  or  na  <-►  na)  is  given  by 


=  0.  (13) 

Here,  in  the  long-wavelength  limit,  one  can  replace  Uiaia 

and  IIi5i5  by  their  limiting  values,  II**  ~  ;  II5ff  ~ 

2 

Using  the  long- wavelength  forms  of  the  noninter¬ 
acting  susceptibilities,  we  find  two  solutions  of  Eq.  (13) 

^ cd  —  (wPff  +  wPa)[  i  —  acD{C)q  +  0(q2)]>  (14) 

and 

USD  —  (uPa  d'^Pa) - 2”«5d(C)5j  (^) 

n0 

where  a  cd  and  asD  are  functions  of  spin  polarization 
but  independent  of  q  in  the  long  wavelength  limit, 


=  (^)2[(1 "  2G-)5i(™;™)  -  +  (^)2[(!  -  2 Gr9)Si(da-,aa)  - 

acD^>  +2^[(1  -  G^5  -  Ge9„)Si(a-a-,  aa)  + 


and 


27o 


e  / 
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In  these  expressions  no  =  na  +  ng,  and  u)pa(uipg)  is 
the  2D  plasma  frequency  of  majority  (minority  )-spin  elec¬ 
tron  gas,  u2Pa  =  (4a  =  ^f1?)-  In  obtaining 

the  above  expressions,  we  expanded  the  structure  factor 
Fiaiaili)  in  powers  of  q, 

K&n/(q)  as  1  -  S1(aa]  a'a')q  +ls2(acr-,<r'(r')q2 

-t53(<T<7-;  <r'<r')q3  +  0(q4), 

0 


and  defined  Sm(aa;  a'a')  as  Sm(aa]  cr'a1)  =  f  fT0 0^z 
dz‘Zn<7(z)Zni0(z)\z  -  z’\mtna'(z')Sn'*»(zt)-  The  expres¬ 
sions  in  Eqs.  (14)  and  (15)  are  valid  up  to  terms  linear 
in  q  and  should  be  read  with  the  long-wavelength  forms 
of  the  local  fields,  Gao>>  We  observe  that  the  two  dis¬ 
tinct  modes  of  u>cd(<i)  and  ujsd(q)  originate,  respective¬ 
ly,  from  the  charge- density  and  spin-density  fluctuations 
of  the  system,  and  that  the  latter  mode  u>sd(<i)  softens 
rapidly  in  the  long  wavelength  limit. 

The  inter-spinsubband  excitations  are  related  with  the 
transitions  m  «-»  m!  and  rh  «->  fh!  where  m  and  m  j 


denote  the  subbands  mcrand  mcr,  respectively.  In  this 
case  the  susceptibilities  Xmam’a  and  Xmvm'a  are  ap¬ 
proximated,  in  the  long-wavelength  limit,  by  [10-12] 

Xmam'o{Q^)  —  ,  {Xmam1  — 

mm' 

)  where  nm  is  the  number  of  electrons 
ft 

per  unit  area  in  subband  ma,  and  u)mm'  and  ujmm'  are  the 
frequencies  corresponding  to  spinsubband  separations, 
u)mm •  -  («W  -  for  the  majority  spin  electrons 

and  uimm'  =  (emg  ~  £m'g)/h  for  the  minority  spin  elec¬ 
trons.  The  structure  factor  F™'™/  is  expanded  in  pow¬ 
ers  of  q  by 

-  - qSi(nm ;  n'm') 

+  ^q2S2(nm;  n'm!)  +  0{q3), 

where  again  the  composite  notation  n  =  na  and  n/  = 
n! a  is  used,  and  S2(nm;nm)  =  — 2  <  z  >nm<  z  >nm 
for  symmetric  quantum  wells.  Substituting  these  long- 
wavelength  forms  into  Eq.  (10)  gives 


—  2  Klnl 


(?)  +  4i»l(?)]  ±  \  {  [4lnl(?)  -  4ifll(?)]  2+  ^nmlC^Inl^)}  ' 


(16) 


ui 


w2 


"2lnl 


where  uvi'n'i'  and  u>nin'V  are  defined,  in  terms  of  vari¬ 
ous  components  of  the  structure  factors  and  local  fields, 
35  4lnl(?)  =  [1  +  «1  -  ACl?)(l  -  2 GZ)  +  7nl] . 

■2mW  =  «2i[i  +  (“SJ-#4l«Xi-2GK)  +  7SiI). 

'2lfiI(?)  =  4iM-^i?)(l-2G^)-7^],  and 
(?)  =,  fnl  [Kl  -  ^I?)(l  -  2 -  7#]  •  (  The 
symbols  and  T^1'  are  given  by  a"'/  = 

"fc^^n'l'),  tf?'  =  -sErfSK"!;"'!'). 

and  ini'  -  47r-yQ j1  J .  For  the  case  of  a 

spin-unpolarized  system  the  general  dispersion  rela¬ 
tion  given  by  Eq.  (10)  decouples  into  the  well- 
known  intersubband  charge-density  excitation,  ujcd 
and  of  intersubband  spin-density  excitation,  usd 
[11,13,14]:  4z>(?)  =  wMl  +  (l-G+)«i -/#?)] 
and  u%D(q)  =  4l  [1  +  7nl  -  G"K1  -  /#«)]  .  How- 
ever,  in  this  case,  the  latter  modes  usd{<i)  appear  on¬ 
ly  in  the  single-particle  continuum  region  of  frequency- 
wavenumber  space  and,  hence,  it  is  not  possible  to  ob¬ 
serve  the  modes.  On  the  other  hand,  in  the  SPQW 
the  mode  corresponding  to  usd  of  the  unpolarized 
system(C  =  0)  is  well  defined  to  be  observed  experimen¬ 
tally.  The  two  parts  in  ujcd,  one  independent  of  G+ 
but  linear  in  and  the  G+-dependent  one  are,  respec¬ 
tively,  the  terms  giving  rise  to  so-called  depolarization 
and  excitonic  shifts.  They  are  well  known  in  cases  of 
quantum  wells  with  zero  or  infinitesimal  spin  polariza¬ 
tion  [11,13,14].  The  contribution  of  the  term  propor¬ 
tional  to  in  ujsd  is  magnetic  in  origin,  and  it  ap¬ 
pears  in  the  spin-density  excitations  only.  This  term  has 


its  origin  in  the  use  of  the  self-consistent  magnetic  dis¬ 
turbance,  b  in  our  effective  perturbation  given  by  Eq. 
(1).  The  latter  contribution  disappears,  if  we  take  the 
external  magnetic  disturbance  6o,  instead  of  6,  as  our 
effective  magnetic  disturbance  in  Eq.  (1).  The  dipole 
oscillation  term,  /jJJJ,  comes  into  the  dispersion  relation 
only  at  finite  q  modifying  its  slope;  it  has  opposite  ef¬ 
fect  in  the  charge-density  and  spin-density  excitations. 
One  example  of  the  dispersion  relation  of  the  longitudi¬ 
nal  modes  of  a  SPQW  in  an  electric  quantum  limit  is 
shown  in  figure  1.  The  inter-spin-subband  modes(upper 
panel)  and  the  intra-spin-subband  modes  (lower  panel) 
are  displayed  as  a  function  of  wavenumbers.  Two  pairs 
of  thin  solid  lines  starting  from  the  same  points  of  the 
vertical  axis  in  the  upper  panel  denote  the  boundaries 
of  single-particle  inter-spin-subband  transition  continu- 
um(the  hatched  area)  in  the  case  of  finite  spin  polar¬ 
ization.  In  the  spin-polarized  system  we  clearly  observe 
well-defined  two  modes  which  are  related  to  two  distinct 
inter-spin-subband  transitions.  When  the  spin  polariza¬ 
tion  vanishes  the  lower  modes  lie  in  the  region  of  the 
single  particle  continuum,  the  boundary  of  which  is  also 
indicated  with  a  pair  of  thin  dotted  lines  in  the  figure. 
Intra-spin-subband  modes  of  the  cases  with  finite  spin 
polarization  are  overlapped  and  are  indistinguishable  in 
this  figure  with  the  modes  of  spin-unpolarized  case. 

In  this  paper,  we  presented  a  self-consistent  theory 
of  the  longitudinal  charge  and  spin  density  responses  of 
spin-polarized  quasi-two  dimensional  quantum  devices, 
and  applied  the  results  to  spin-polarized  quantum  wells. 
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COLLECTIVE  MODES 


Fig.  1.  Dispersion  relations  of  the  longitudinal  collective 
excitations  in  a  spin-polarized  semiconductor  quantum  well. 
The  inter-spin-subband  modes  (upper  panel)  and  the  in- 
tra-spin-subband  modes  (lower  panel)  are  displayed  as  a  func¬ 
tion  of  wavenumbers.  The  hatched  area  denotes  the  sin¬ 
gle-particle  inter-spin-subband  transition  continuum  in  the 
case  of  finite  spin  polarization.  In  the  spin-polarized  system 
we  clearly  observe  well-defined  two  modes  which  are  relat¬ 
ed  to  two  distinct  inter-spin-subband  transitions.  When  the 
spin  polarization  vanishes  the  lower  modes  lie  in  the  region 
of  the  single-particle  continuum,  the  boundary  of  which  is 
also  indicated  with  a  pair  of  thin  dotted  lines  in  the  figure. 
Intra-spin-subband  modes  of  the  cases  with  finite  spin  polar¬ 
ization  are  overlapped  and  are  indistinguishable  in  this  figure 
with  the  modes  of  spin-unpolarized  case. 

We  discussed  the  conditions  of  the  longitudinal  collec¬ 
tive  modes  and  examined  the  dispersion  relations  of  the 


longitudinal  spin-charge  collective  excitations.  The  cou¬ 
pling  of  charge- density  and  spin- density  wave  excitations 
is  apparant  even  in  the  RPA.  The  spin  polarization  is 
seen  to  introduce  new  features  to  the  collective  excitation 
spectrum.  We  suppose  that  the  spin-polarized  quantum 
structure  would  be  realized  in  a  spin-polarized  semicon¬ 
ductor  quantum  well  and  the  spin-charge  coupled  modes 
could  be  observed  in  its  light  scattering  experiments.  One 
example  of  the  possible  candidates  of  the  spin-polarized 
quantum  structures  is  magnetic  quantum  wells  fabricated 
in  a  modulation  doped  dilute  magnetic  semiconductor  in 
which  the  large  effective  0-value  leads  to  a  spin  splitting 
that  is  very  large  compared  to  the  cyclotron  energy. 

This  work  was  supported  in  part  by  the  Korea  Re¬ 
search  Foundation  (Project  number  1997-001-D00131) 
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We  investigate  the  self-heating  effect  of  300  V  SOI  Lateral  Insulated  Gate  Bipolar  Transistors 
(LIGBTs)  and  propose  the  new  structure  in  order  to  reduce  the  silicon  temperature  increased  by  high 
supply  voltage  and  driving  current  through  the  LIGBT.  Conventional  LIGBTs  are  simulated  using 
the  device  simulator  of  MEDICI  with  the  lattice  temperature  model  considering  heat  generation  in 
the  SOI  layer.  Simulation  results  indicate  that  their  forward  biased  safe-operation  area  (FBSOA) 
performance  and  current  driving  capability  are  degraded  under  the  steady-state  condition  compared 
with  the  device  simulation  results  ignoring  the  self-heating  effect.  The  proposed  SOI  LIGBTs  have 
the  5  pm  thick  metal  layer  on  the  passivation  layer  for  sinking  the  generated  heat  in  the  SOI  layer. 
The  second  breakdown  voltage  is  enhanced  from  50  V  in  the  conventional  SOI  LIGBT  to  220  V  in 
the  proposed  structure  at  the  gate  voltage  of  10  V  and  the  current  driving  capability  of  the  proposed 
structure  is  improved  by  35  %  than  that  of  the  conventional  LIGBT. 


L  INTRODUCTION 

Lateral  Double  diffused  MOSFETs  (LDMOSFETs) 
have  been  used  as  high  voltage  devices  in  high  voltage 
integrated  circuits  (HVICs)  because  of  the  compatabili- 
ty  with  low  voltage  CMOS  device  processes.  They  have 
high-speed  switching  characteristics  due  to  the  operation 
without  minority  carrier  and  simple  gate  drive  circuitry. 
These  features  are  particularly  attractive  in  high  volt¬ 
age  integrated  circuits  (HVICs)  at  high  frequencies  where 
switching  losses  are  dominant.  But  in  order  to  drive  high 
current,  the  relatively  low  current  driving  capability  of 
LDMOSFETs  enlarges  the  chip  size  of  HVICs.  There¬ 
fore,  Insulated  Gate  Bipolar  Transistor  (IGBT)  were  de¬ 
veloped  in  1980s  to  improve  the  current  driving  capabil¬ 
ity  due  to  conductivity  modulation  by  injected  minority 
carrier  in  drift  region  and  to  take  advantages  of  LDMOS¬ 
FETs  [1].  In  some  HVIC  applications  requiring  the  high 
driving  current,  lateral  IGBTs  (LIGBTs)  are  used  as  out¬ 
put  buffers  of  high  voltage  devices,  and  then  this  leads  to 
decrease  the  chip  size  of  HVICs  [2].  Dielectric  isolation 
(DI)  technology  has  been  the  best  choice  of  HVIC  tech¬ 
nologies  due  to  smaller  isolation  area  and  less  parasitic 
effect  such  as  parasitic  latch-up  and  leakage  current  than 
those  of  junction  isolation  (JI)  and  self-isolation  [2,3]. 
But  it  has  a  disadvantage  of  low  thermal  conductivity 
due  to  the  buried  oxide  and  small  heat  capacitance  of 
the  SOI  layer.  The  heat  generated  by  high  supply  voltage 
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and  driving  current  in  HVICs  cannot  be  efficiently  trans¬ 
ferred  to  external  environment  because  of  thick  buried 
oxide  under  the  SOI  layer  and  the  passivation  layer  over 
metal  interconnects,  and  then  increases  the  temperature 
in  SOI  layer.  Anold  et.  al.  studied  the  self-heating  effect 
of  LDMOSFETs  using  both  bulk-silicon  technology  and 
SOI  technology.  They  show  that  the  temperature  rise  of 
SOI  devices  is  more  rapid  than  that  of  bulk-silicon  de¬ 
vices  in  a  initial  stage  of  power  pulse  and  it  is  dependent 
on  the  buried  oxide  thickness.  In  addition,  in  [7]  the 
FBSOA  performance  of  a  vertical  IGBT  is  investigated 
as  a  function  of  pulse  duration.  In  the  initial  stage  of  gate 
pulse  duration,  the  device  is  operated  properly.  As  the 
pulse  duration  increases,  the  current  is  reduced  becuase 
of  the  reduction  of  the  field  effect  carrier  mobilities  due 
to  generated  heat.  Further  increasing  the  pulse  duration, 
the  driving  current  is  rapidly  increased  due  to  turn-on  of 
the  parasitic  thyristor.  This  results  in  the  destruction 
of  IGBTs.  In  this  paper,  we  optimize  the  300  V  class 
LIGBT  on  a  SOI  wafer,  analyze  the  self-heating  effect  by 
device  simulations  including  lattice  temperature  model 
and  propose  the  new  structure  of  a  LIGBT  suppressing 
the  self-heating  effect.  The  process  flow  of  LIGBT  on  a 
SOI  wafer  and  the  LIGBT  structure  is  described  in  II 
and  III,  respectively  and  the  results  of  simulation  and 
experiment  follows  in  IV. 

II.  FABRICATION  PROCESS  FLOW 

The  main  fabrication  sequence  of  300  V  lateral  IGBTs 
on  a  SOI  wafer  is  shown  in  Fig.  1.  The  starting  wafer  is 
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Fig.  1.  The  process  flow  of  a  conventional  SOI  LIGBT. 


Fig.  2.  The  photograph  of  a  fabricated  SOI  LIGBT. 


the  bonded  SOI  wafer  with  the  SOI  layer  thickness  of  5.5 
fim  and  the  buried  oxide  thickness  of  3  fim.  The  p-well 
is  implanted  by  Bf2  ion  at  100  KeV  and  diffused  at  1200 
°C  for  510  min  to  reach  the  p-well  junction  to  the  top  of 
the  buried  oxide  layer.  And  n-drift  and  p-drift  regions 
are  formed  implanting  phosphorus  ion  at  150  KeV  and 
boron  ion  at  90  KeV,  respectively,  and  drive-in  at  1200 
°C  for  420  min.  The  ion  implantation  dose  of  p-well  and 
n-drift  are  determined  to  meet  the  reduced  surface  field 
(RESURF)  condition.  The  doses  of  p-well  and  n-drift  are 
3.0E12  and  4.8E12  cm-2,  respectively.  The  p-Dwell  is 
formed  for  suppressing  latch-up  of  the  parasitic  thyristor 
by  lowering  body  resistance.  For  the  trench  isolation 
structure,  2  fi m  wide  silicon  trench  is  etched  surrounding 
active  regions.  After  4000  A  thickness  thermal  oxide  on 
the  trench  sidewall  is  grown,  the  trench  is  refilled  by  poly- 
Si  and  LOCOS  is  formed  on  the  top  of  trenches  as  shown 
in  Fig.  1(b).  The  buffer  region  formation  in  the  collector 
area  for  preventing  the  punch-through  is  performed  as 
shown  in  Fig.  1(c).  The  1.3  fi m  thick  oxide  is  deposited 
for  field  oxide  in  the  drift  region  and  etched  the  oxide 
with  the  taper  angle  of  40°  as  shown  in  Fig.  1(d).  The 
n+  poly-Si  gate  and  source/collector  are  formed  as  the 
same  as  low  voltage  CMOS  processes.  Fig.  2  shows  the 
photograph  of  a  fabricated  LIGBT. 

III.  THE  PROPOSED  STRUCTURE  OF  A 
LIGBT 

The  cross-sectional  view  of  the  conventional  SOI  LIG¬ 
BT  is  shown  in  Fig.  3(a).  The  high  voltage  is  applied  to 
the  collector  electrode,  the  high  current  flows  through  the 
drift  region  and  the  channel  region  and  there  are  buried 
oxide  under  SOI  layer  and  passivation  layer  over  met¬ 
al  layer,  which  have  low  thermal  conductivity.  Because 


(b) 

Fig.  3.  The  Schematic  cross-sectional  view  of  (a)  the  con¬ 
ventional  SOI  LIGBT  and  (b)  the  proposed  SOI  LIGBT. 
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Fig.  4.  Simulated  I-V  characteristics  of  a  conventional 
LIGBT  with  self-heating  effect  (dotted  lines)  and  without 
self-heating  effect  (solid  lines). 


Fig.  5.  Simulated  temperature  profile  of  a  conventional 
LIGBT  at  Vg=5  V  and  Vce=50  V. 


the  generated  heat  in  SOI  layer  is  dissipated  through  on¬ 
ly  thin  metal  line  in  conventional  LIGBTs,  the  increased 
silicon  temperature  degrades  the  performance  of  the  high 
voltage  device.  The  proposed  structure  of  a  LIGBT  has 
an  additional  metal  layer  on  the  passivation  layer  in  order 
to  sink  the  heat  from  the  SOI  layer  efficiently  as  shwon 
in  Fig.  3(b).  The  additional  metal  layer  is  5  /im-thick 
electroplated  copper  layer  on  the  passivation  layer. 


IV.  RESULTS  OF  SIMULATION  AND 
EXPERIMENT 

Fig.  4  shows  I-V  characteristic  curves  of  the  conven¬ 
tional  LIGBT  obtained  from  device  simulation  using 
Medici  [8]  with  and  without  self-heating  effect.  The  sol¬ 
id  line  in  Fig.  4  represents  the  electrical  characteristics 
of  the  conventional  LIGBT  ignoring  the  heat  genera¬ 
tion  in  the  SOI  layer.  When  the  self-heating  effect  is 
ignored,  a  conventional  LIGBT  can  operate  free  from  de¬ 
vice  destruction  and  the  degradation  of  the  current  driv¬ 
ing  capability  for  collector  voltages  up  to  220  V  at  even 
gate  voltage  of  10  V.  But  when  a  conventional  LIGBT  is 
simulated  with  lattice  temperature  advanced  application 
module  (AAM)  of  Medici  at  the  environment  of  room 
temperature,  the  heat  is  generated  in  silicon  layer  by  high 
potential  drop  between  source  and  collector  and  current 
flow  through  drift  region  and  the  channel.  This  results 


Table  1.  Thermal  conductivity  of  various  matetials. 


Material 

Thermal  conductivity 

Silicon 

1.5  W/cmK 

Oxide 

0.014  W/cmK 

Aluminum 

2.35  W/cmK 

in  the  temperature  elevation  in  the  SOI  layer.  Under 
steady  state  condition,  the  heat  generated  in  SOI  layer 
cannot  be  dissipated  to  the  etrernal  environmet  because 
of  low  thermal  conductivity  of  buried  oxide  and  passiva¬ 
tion  layer  as  shown  in  Table  1.  This  leads  to  increase 
silicon  temperature  up  to  600  K  at  collector  voltage  of 
50  V  and  gate  voltage  of  5  V  as  shown  in  Fig.  5.  And 
the  temperature  of  bottom  bureid  oxide  is  nearly  equal 
to  the  room  temperature.  This  means  that  the  generated 
heat  is  not  transferred  through  the  buried  oxide.  There¬ 
fore,  the  high  silicon  temperature  degrades  the  field  effect 
carrier  mobility  then  decreases  the  current  driving  capa¬ 
bility  of  the  LIGBT  as  shown  dotted  lines  in  Fig.  4.  In 
addition,  the  lowered  built-in  potential  at  p-n  junction  by 
high  silicon  temperature  turns  on  the  parasitic  thyristor 
at  low  collector  voltage.  This  leads  to  thermal  runway 
and  device  destruction. 

Fig.  6  shows  that  measured  I-V  characteristic  curves 
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Fig.  6.  Simulated  and  measured  I-V  characteristic  curves 
of  a  conventional  LIGBT. 
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Fig.'  7.  Simulated  I-V  characteristics  of  the  proposed  LIG- 
BT  structure  (dotted  lines)  and  the  conventional  LIGBT 
structure  (solid  lines)  with  self-heating  effect. 


of  a  conventional  LIGBT  agree  well  with  the  simulation 
results  of  a  SOI  LIGBT  using  the  lattice  temperature 
model  for  the  self-heating  effect.  The  measured  I-V  char- 
acterisitcs  at  gate  voltages  of  8,  9  and  10 V  are  appeared 
in  low  collector  voltage  ranges  because  of  the  power  limi¬ 
tation  of  the  measurement  instrument.  Fig.  7  shows  sim¬ 
ulation  results  of  I-V  characteristics  of  the  conventional 
and  the  proposed  LIGBTs  considering  the  self-heating  ef¬ 
fect.  In  Fig.  7,  the  solid  curves  and  dotted  curves  are  for 
the  conventional  and  the  proposed  LIGBTs,  respectively. 
As  shown  in  Fig.  7,  the  second  breakdown  voltage  of  the 
proposed  LIGBT  structure  is  extended  to  collector  volt¬ 
age  of  over  220  V  at  gate  voltage  of  10  V,  which  is  equal 
to  the  electrical  characteristic  without  self-heating  effect 
but  the  current  driving  capability  is  still  degraded,  which 
is  improved  by  35  %  at  gate  voltage  of  10  V  than  that  of 
a  conventional  LIGBT.  Although  the  generated  heat  in 
silicon  is  transferred  through  the  thick  metal  layer,  the 
silicon  temperature  is  increased  still  by  small  amount  as 
shown  in  Fig.  8.  The  temperature  of  top  silicon  surface 
near  to  thick  metal  interconnect  is  almost  equal  to  room 
temperature  of  300  K  but  other  silicon  temperature  is 
increasing  toward  buried  oxide.  The  temperature  profile 
in  the  SOI  layer  of  the  proposed  device  structure  (Fig. 
8)  is  much  lower  than  that  of  the  conventional  LIGBT 
(Fig.  5). 

V.  CONCLUSIONS 

The  current  driving  capability  and  FBSOA  of  a  con¬ 
ventional  SOI  LIGBT  is  degraded  under  steady  state  con¬ 
dition  by  self-heating  effect  because  of  low  thermal  con¬ 
ductivity  of  buried  oxide  and  passivation  layer.  We  ana¬ 
lyzed  the  self-heating  effect  on  a  conventional  SOI  LIGBT 
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Fig.  8.  Simulated  temperature  profile  of  the  proposed  LIG¬ 
BT  at  Vg=5  V  and  Vce=50  V. 


using  Medici  with  lattice  temperature  model  and  con¬ 
firmed  the  analysis  results  by  measured  I-V  characteris¬ 
tics  of  a  conventional  one.  We  propose  the  new  structure 
of  a  SOI  LIGBT  with  5  //m-thick  electroplated  copper 
layer  on  the  passivation  layer  in  order  to  dissipate  the 
heat  generated  in  silicon  layer.  Analysis  results  indicate 
that  the  second  breakdown  voltage  of  a  proposed  SOI 
LIGBT  is  enhanced  from  50  V  to  220  V  and  the  current 
driving  capability  is  improved  by  35  %  at  gate  voltage  of 
10  V  than  that  of  a  conventional  LIGBT. 
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Textured  thin  films  ZnO  has  been  successfully  grown  by  rf  magnetron  sputtering  method  using 
a  special  technique  of  introducing  a  small  amount  of  water  and  methanol  on  the  deposition  cham¬ 
ber.  The  grain  size  of  the  textured  surface  is  highly  dependent  on  the  argon  pressure  during  the 
deposition.  The  pressure  in  this  experiment  was  varied  from  50  mTorr  down  to  5  mTorr  and  the 
highest  grain  size  of  the  film  is  obtained  at  5  mTorr.  The  total  transmitt ane  of  the  films  are  more 
than  85  %  in  the  wavelength  of  400  to  800  nm,  and  haze  ratio  of  about  14  %  is  obtained  at  400  nm 
wavelength.  Beside  the  textured  surface,  these  films  also  have  very  low  resistivity,  which  is  lower 
than  1.4xl0-3  ficm.  X-ray  analysis  shows  that  the  films  with  textured  surface  have  four  diffraction 
peaks  on  the  direction  of  (110),  (002),  (101)  and  (112),  while  the  non-textured  films  have  only  (110) 
and  (002)  peaks.  Due  to  the  excellent  characteristics  of  this  film,  it  will  make  the  film  very  good 
TCO  alternatives  for  the  thin  film  silicon  solar  cells. 


L  INTRODUCTION 

Many  publications  have  been  reported  in  the  grow¬ 
ing  of  ZnO  thin  films  using  different  techniques,  such 
as  MOCVD  [1],  reactive  evaporation  [2],  spray  pyrolysis 
[3,4],  DC  and  RF  sputtering  [5,6].  It  has  been  known 
that  the  textured  surface  of  the  TCO  film  is  very  im¬ 
portant  in  the  fabrication  of  the  solar  cell,  especially  for 
the  thin  film  amorphous  or  polycrystalline  silicon  cells, 
in  order  to  increase  its  efficiency.  T.  Nakada  et  al.  [7] 
had  reported  that  by  applying  the  textured  ZnO  film  into 
their  CuInSe2  thin  film  solar  cells,  they  have  shown  that 
the  efficiency  increases  from  8.85  %  (flat  ZnO  film)  to 
10.3  %  (textured  ZnO  film).  It  is  well  known  that  sput¬ 
tering  technique  is  suitable  for  low  cost  and  large-scale 
production  of  thin  film.  It  has  been  also  long  known 
that  the  textured  ZnO  films  can  be  easily  obtained  us¬ 
ing  MOCVD  technique  as  has  been  reported  by  Wilson  et 
al.  [8] .  However  most  of  the  films  prepared  by  sputtering 
technique  have  been  reported  to  have  flat  surface  mor¬ 
phology  and  columnar  structure,  while  only  a  few  groups 
have  reported  for  the  textured  ZnO  thin  film  by  employ¬ 
ing  their  own  techniques.  J.  A.  Anna  et  al.  have  used 
rf  sputtering  at  150  °C  substrate  temperature  by  using 
argon  gas  mixed  with  H2O  [9],  Tokio  Nakada  et  al.  by  dc 
magnetron  sputtering  in  E^Hg-Ar  mixtures  [10]  and  also 
in  the  H2O  partial  pressure  [11]  at  the  substrate  temper¬ 
atures  equal  to  or  higher  than  200  °C. 

In  this  paper  we  report  on  the  result  of  the  ZnO  thin 
film  grown  by  rf  magnetron  sputtering  with  special  tech¬ 
nique  of  introducing  water  and  methanol  in  the  depo¬ 


sition  chamber.  The  substrate  temperature  for  the  tex¬ 
tured  ZnO  thin  film  is  around  100  °C,  which  is  the  lowest 
substrate  temperature  that  ever  reported.  The  prelimi¬ 
nary  result  of  low  resistivity,  high  transparency,  textured 
surface  and  the  effect  of  the  deposition  pressure  on  the 
grain  size  of  the  film  are  also  reported. 

II.  EXPERIMENTAL 

The  target  used  in  this  work  is  a  4  inch  disk  type  ZnO 
(99.99  %  purity)  doped  with  AI2O3  (2.5  wt%).  The  sub¬ 
strates  were  5  cm x  5  cm  7059  glass.  A  few  drops  of  water 
or  methanol  were  introduced  to  the  deposition  chamber, 
and  after  inserting  the  substrate,  the  system  was  pumped 
down  until  the  pressure  is  reaching  about  lxlO-6  Torr. 
Then  high  purity  Ar  gas  is  introduced  to  adjust  the  depo¬ 
sition  pressure  during  experiment.  After  the  required  rf 
power,  substrate  temperature  and  chamber  pressure  are 
ready,  the  deposition  started  by  opening  the  shutter.  The 
deposition  time  for  this  experiment  is  fixed  to  be  about 
2  hours  long.  Thickness  of  the  prepared  ZnO  films  was 
estimated  by  utilizing  a  conventional  surface  roughness 
detector  with  a  stylus  (Tencor  2000).  Electrical  resistiv¬ 
ity,  Hall  mobility,  and  carrier  concentrations  were  mea¬ 
sured  at  room  temperature  by  the  van  der  pauw  method. 
The  optical  transmission  of  the  films  was  measured  in  the 
wavelength  range  of  300~800  nm  by  spectrophotometer 
(Shimadzu  UV-3101PC).  X-ray  diffraction  measurements 
were  carried  out  to  examine  the  crystalline  structure  of 
the  films. 
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III.  RESULTS  AND  DISCUSSION 

1.  Surface  and  Structural  Properties 

Figure  1  shows  the  SEM  photographs  of  the  three  ZnO 
films.  The  deposition  conditions  of  these  three  films  were 
fixed  to  be  same;  100  °C  substrate  temperature,  250  W 
rf  power  and  2  hours  deposition,  while  argon  pressure 
varied  from  5  to  50  mTorr.  It  must  be  noted  that  all 
the  prepared  ZnO  films  have  pyramid  like  surface  struc¬ 
ture  and  the  degree  of  the  texture  strongly  depends  on 
the  pressure  during  the  deposition.  The  largest  texture 
is  obtained  at  the  investigated  lowest  pressure.  This  is 
believed  due  to  the  effect  of  the  deposition  rate  that  is 
higher  at  lower  pressure.  According  to  our  knowledge, 
this  large  grain  size  is  believed  to  be  the  first  result  ev¬ 
er  reported  using  rf  magnetron  sputtering  technique  at 
substrate  temperature  as  low  as  100  °C. 

In  Figure  2  are  shown  the  SEM  photographs  of  the  side 
view  of  the  sample  depicted  in  Fig.  1(a).  It  seems  that 
the  ZnO  films  have  columnar  structure  at  the  beginning 
of  the  film  growth.  But  as  the  growth  progresses,  the 
columnar  growth  is  changing  into  granular  growth.  This 
growth  change  can  be  clearly  seen  for  the  film  grown  at  5 
mTorr  pressure,  while  for  films  grown  at  25  and  50  mTorr 


Fig.  1.  The  SEM  surface  morphology  of  the  textured  ZnO 
films  deposited  at;  (a)  5,  (b)  25,  and  (c)  50  mTorr. 


Fig.  2.  SEM  side  view  of  the  textured  ZnO  films  with  dif¬ 
ferent  pressure;  (a)  5,  (b)  25,  and  (c)  50  mTorr. 

the  growth  change  is  not  seen  clearly.  At  the  moment, 
we  are  not  able  to  explain  clearly  the  mechanism  of  this 
growth  change  in  our  films.  However,  we  are  suspected 
that  this  growth  change  might  be  due  to  the  special  tech¬ 
nique  of  introducing  water  or  methanol  to  our  deposition 
chamber,  since  the  amount  of  OH  molecules  is  changing 
from  the  beginning  to  the  end  of  the  growth.  We  will 
investigate  this  phenomenon  in  more  deeply,  and  if  our 
assumption  for  the  mechanism  of  the  growth  change  is 
true,  it  may  be  a  new  growth  process  of  ZnO  thin  films 
by  rf  magnetron  sputtering.  What  had  been  done  in  ref¬ 
erence  [9],  [10]  and  [11]  in  obtaining  the  textured  ZnO 
films  are  by  introducing  constant  OH  molecules  during 
the  deposition  time,  which  is  completely  different  with 
what  we  have  done  in  our  experiment.  The  grain  size 
as  big  as  about  0.75  /im  could  be  obtained  for  the  best 
samples  deposited  at  5  mTorr  pressure. 

While  all  the  films  that  are  grown  without  introduc¬ 
ing  water  or  methanol  into  the  deposition  chamber  are 
showing  flat  surface  as  shown  in  Figure  3.  As  one  can  see 
from  Figure  2  and  3,  the  structure  of  the  textured  films  is 
quite  different  with  the  flat  films.  It  is  clearly  seen  from 
Figure  3  that  the  flat  film  has  a  columnar  growth  from 
the  beginning  to  the  end  of  the  deposition. 

Although  it  is  not  shown  in  this  paper,  we  found 
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besides  (100)  and  (002),  which  is  corresponding  to  gran¬ 
ular  structure  of  the  film  as  shown  in  Fig.  1. 


Fig.  3.  SEM  photographs  of  the  flat  surface  film,  (a)  top 
view  and  (b)  side  view. 

out  that  the  ZnO  films  grown  by  introducing  Methanol 
showed  slightly  different  texture  properties  with  the  one 
using  water  as  catalyst.  Tokio  et  al.  [11]  have  explained 
that  the  main  species  responsible  for  their  textured  sur¬ 
face  film  is  the  molecules  of  OH.  By  their  explanation,  we 
also  believed,  although  we  have  no  proof  in  this  paper, 
that  methanol  seems  to  introduce  more  OH  molecules 
than  water  in  the  deposition  chamber  during  the  deposi¬ 
tion  process.  More  discussion  about  the  results  between 
the  films  grown  by  using  water  and  methanol  is  planing 
to  be  done  in  the  separate  publication. 

In  Figure  4  is  shown  the  X-ray  diffraction  patterns  of 
the  textured  surface  (Fig.  4(a))  and  flat  surface  (Fig. 
4(b)).  For  the  textured  surface  there  are  present  four 
peaks  which  are  (002),  (101),  and  two  weak  peaks  in  the 
direction  of  (100)  and  (112).  The  only  (100)  and  (002) 
peaks  are  present  for  ZnO  with  the  flat  surface.  The 
strong  (002)  peak  indicates  that  ZnO  films  have  hexago¬ 
nal  wurtzite  structure,  which  means  the  film  highly  c-axis 
oriented.  The  textured  film  however  has  the  (101)  peak 


2.  Optical  Properties 

Figure  5  shows  the  transmission  spectra  of  the  tex¬ 
tured  ZnO  films  with  different  working  pressure.  The  to¬ 
tal  transmittance  is  shown  in  figure  5(a),  compared  with 
diffused.  Enlarged  diffused  transmittance  is  redrawn  in 
figure  5(b).  It  must  be  noted  by  comparing  Figure  1  and 
5  that  the  effect  of  both  grain  size  and  the  degree  of  tex¬ 
turing  on  refraction  of  incident  light  occurs;  the  higher 
grain  size  or  texture  is  the  larger  diffused  transmittanc 
and  vice  versa.  This  is  consistent  with  the  natiire  of  the 
reflection  and  refraction  of  light  on  the  surface  of  the 
textured  films.  The  higher  the  texture  quality  is  (Figure 
5(a)),  then  the  more  the  light  can  be  diffused.  More¬ 
over,  the  diffusion  of  the  light  may  be  also  affected  by 
the  thickness  of  the  film.  However,  if  we  compare  the 
thickness  of  these  three  films  as  it  can  be  seen  at  Table 
1,  they  are  not  significantly  different.  So  we  believe  that 
the  most  effect  of  the  higher  percentage  of  diffused  light 
is  mainly  due  to  the  textured  surface  quality. 

The  average  total  transmittance  of  our  films  varies 
from  86  to  92  %  on  the  range  of  400  to  800  nm  wave¬ 
length,  which  also  make  the  films  more  attractive  for  the 
use  of  TCO  on  silicon  solar  cell  application.  The  haze 


(a)  100  r 


Total  Transmittance 


- 5mTorr 

- 25mTorr 

. 50mTorr 


Diffused  Transmittance 


400  500  600  700 

Wavelength  (nm) 


Fig.  4.  The  XRD  patterns  of  ZnO  films;  (a)  textured  sur¬ 
face  and  (b)  flat  surface. 


Wavelength  (nm) 

Fig.  5.  The  transmission  spectra  of  the  textured  ZnO  films; 
(a)  Diffused,  (b)  Total  transmittance. 
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Table  1.  The  characteristics  of  the  textured  ZnO  films. 


^ - S.N. 

Porp. 

Mzno-06 

Mzno-31 

Mzno-30 

Pressure  (mtorr) 

5 

25 

50 

Thickness  (mm) 

1.6 

1.3 

1.0 

Resistivity  xlO”4  W  cm 

11.2 

14.0 

10.8 

Mobility  cm2 /V  s 

28.7 

15.4 

14.0 

n  1020  cm"3 

3.16 

2.89 

4.11 

Haze  (%)  at  400  nm 

14.1 

8.6 

5.4 

factor,  which  is  the  ratio  of  refracted  light  to  total  trans¬ 
mitted  one,  is  also  given  in  Table  1.  The  highest  haze 
factor  is  about  14.1  %  at  about  400  nm  wavelength  for 
the  film,  which  has  a  highest  textured  quality  as  shown 
in  Fig.  1. 

3.  Electrical  Properties 

The  electrical  properties  of  the  ZnO  films  that  had 
been  grown  is  measured  using  Vander  Paw  method,  and 
for  the  three  films  is  given  in  Table  1 . 

The  resistivity  of  the  films  does  not  vary  too  much, 
which  is  around  lxlO-3  to  1.4xl0~3  Qcm.  Also  the 
carrier  concentration  on  the  films  is  between  2.89xl020 
cm-3  to  4.11  xlO20  cm-3.  However  the  mobility  of  the 
carrier  for  the  different  films  very  dependent  on  the  grain 
size  of  the  films.  As  it  can  bee  seen  from  Table  1,  sample 
MZNO-06  that  had  the  largest  grain  size  has  the  mobility 
twice  of  the  mobility  for  the  sample  MZNO-30  which  has 
the  smallest  grain  size. 

IV.  CONCLUSIONS 

Textured  thin  films  ZnO  has  been  grown  by  rf  mag¬ 
netron  sputtering  using  a  special  technique  of  introduc¬ 
ing  a  small  amount  of  water  and  methanol  on  the  depo¬ 
sition  chamber.  The  grain  size  of  the  textured  surface 
is  highly  dependent  on  the  pressure  during  the  deposi¬ 
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tion.  The  largest  grain  size  was  obtained  at  pressure 
of  5  mTorr.  The  film  thickness  varies  from  1  fim  to  2 
/xm,  and  having  an  average  total  transmittance  of  86—92 
%  on  the  range  of  400  to  800  nm  wavelength,  and  the 
highest  haze  factor  obtained  is  about  14.1  %  around  400 
nm  wavelength.  The  highest  carrier  mobility  is  found  for 
best  textured  film  which  value  is  28.7  cm2/Vs  and  the 
carrier  concentration  of  3.16  cm“3  and  with  resistivity 
value  of  1.4xl0-3  Q  cm.  From  XRD  measurements,  it 
shows  that  the  textured  surface  showing  four  peaks  on 
the  direction  of  (110),  (002),  (101)  and  (112),  while  the 
non- textured  films  only  show  on  direction  of  the  (110) 
and  (002).  Due  to  the  excellent  characteristics  of  this 
film,  it  should  make  the  film  very  good  TCO  alternatives 
for  the  thin  film  silicon  solar  cell. 
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Effect  of  Probe  Contact  Resistance  on  .Precision  Measurements 
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We  have  developed  a  method  to  measure  sheet  resistances  and  contact  resistances  of  metallized 
thin  films  simultaneously  and  investigated  the  effect  of  probe  contact  resistance  on  precision  mea¬ 
surements  of  sheet  resistances  of  the  films  because  it  is  essential  to  make  precision  measurements 
of  sheet  resistance  in  order  to  determine  dose  and  thickness  uniformity  of  the  films.  We  found 
there  being  a  linear  relation  between  them,  so  that  contact  properties  directly  effects  on  precision 
measurements  of  sheet  resistance,  that  is,  uniformity  of  the  films.  This  results  also  have  physical 
meaning  that  have  similiar  trends  to  spreading  resistance  method  to  determine  sheet  resistances 
from  contact  resistance  measurements 


I.  INTRODUCTION 

Dual  configuration  method  [1-3]  of  four-point  probe 
technique  in  sheet  resistance  measurements  is  applied  to 
dose  uniformity  and  thickness  uniformity  monitoring  of 
metallized  thin  films  and  semiconducting  layers  because 
of  its  higher  precision  and  reproducibility  than  single  con¬ 
figuration.  Sheet  resistances  by  these  two  methods  is  de¬ 
fined  as  electrical  resistivity  divided  by  sample  thickness 
and  the  equations  to  obtain  sheet  resistance  by  the  two 
configurations  are  as  followings. 

In  single  configuration,  Rs  —  Ka  Ra  (1) 

(J\a  :  geometrically  dependent  —  correction  factor) 

In  dual  configuration,  Rs  =  Ka  •  Ra ,  (2) 

(Ka  =  —14.696  +  25.m(Ra/Rb)  -  7.872 (Ra/Rb)2) 
(Here  Ra  and  Rb  is  resistance  values) 

In  single  configuration,  Ka  is  directly  related  to  probe 
spacing,  thickness,  and  diameter,  but  in  dual  configura¬ 
tion  it  is  only  related  to  resistance  values  to  be  measured 
and  it  can  be  known  that  dual  configuration  method  is 
more  precise  than  single  configuration  method.  And  al¬ 
so,  while  it  is  known  that  the  characteristics  of  probe 
head  is  related  to  the  reproducibility  of  the  two  config¬ 
uration  method,  it  is  little  known  about  probe  contact 
effect  on  the  reproducibility.  From  the  last  decades 
to  the  present,  spreading  resistance  probe  technique  [4] 
which  measure  sum  of  mechanical  contact  resistance  and 
current-spreading  resistance  have  been  studied  to  obtain 
electrical  resistivity  and  electrical  resistivity  is  used  in 
analysing  impurity  concentrations  of  semiconductors  and 
materials  to  have  high  resistance  values,  and  now  the 
method  is  applied  to  electrical  characterization  for  semi¬ 
conducting  devices  of  very  small  scale.  In  the  method 


spreading  resistance  means  probe  contact  resistance  de¬ 
scribed  here  and  the  spreading  resistance  is  electrical  re¬ 
sistivity  divided  by  contact  area  and  linearly-dependent 
on  electrical  resistivity.  In  the  method,  sheet  resistance, 
electrical  resistivity  divided  by  thickness  of  sample,  is 
obtained  by  measuring  contact  resistance  and  so  it  is  in¬ 
teresting  to  verify  the  relation  between  the  contact  re¬ 
sistance  and  sheet  resistance  and  also  their  dependence 
on  the  measurement  reproducibility  of  sheet  resistance. 
Therefore,  we  intend  to  describe  the  effect  of  probe  con¬ 
tact  resistance  on  precision  measurements  of  sheet  resis¬ 
tance  of  metallized  thin  films  by  simultaneously  measur¬ 
ing  method  of  sheet  resistances  and  probe  contact  resis¬ 
tances  to  sample  surfaces. 

II.  SIMULTANEOUS  MEASUREMENT 
METHOD  OF  PROBE  CONTACT 
RESISTANCE  AND  SHEET  RESISTANCE 

Here  the  arrow  means  each  pin  of  a  four-point  probe 
and  total  12  resistance  measurements  are  carried  out  by 
switch  selections  through  configuration  (a)  and  (b). 

Cl +(74  =  6,  C2+C3  =  a,  C2+C4  =  c, 

Cl+C3  =  d,  Cl+C2  =  f,  <73+04  =  6,  (3) 

a  =  R(8)-R(  1),  b  =  R(7)—R(2),  c=R(10)-R(3), 


1  2  3  4  \(H  1.2,3)  J(4fI,  2,3,4) 

(a)  contact  by  four  probes  (b)  contact  by  two  probes 

Fig.  1.  Contact  shape  to  measure  probe  contact  resistance 
and  sheet  resistance  simultaneously. 
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d  =  R( 9)  -  R( 4) ,  ■ e  =  R(  12)  -  R(5) ,  /  =  iJ(  1 1)  -  R(6) ,  (4) 
Cl  =  (6+c?— e)/2,  C2  =  (2/“6+e— d)/2, 

C3  =  (d— 6-f-e)/2,  C74  =  (6+e  —  c?) /2  (5) 

Here  Ci  means  each  probe  contact  resistance,  R(A) 
(yi=l~6),  resistance  values  from  6  switch  selections  of 
configuration  (a),  and  i?(R)  (5=7^12),  resistance  values 
from  6  switch  selections  of  configuration  (b).  Each  R(A) 
is  obtained  by  current  supply  through  outer  two  probes 
and  voltage  measurements  between  inner  two  probes  and 
also  R(B)  is  resistance  values  between  two  positions  i  and 
j,  each  position  being  the  superposition  of  one  current 
probe  and  one  voltage  probe.  From  the  12  switch  selec¬ 
tions  we  can  measure  sheet  resistance  and  probe  contact 
resistance  against  sample  surface  simultaneously. 

HI.  EXPERIMENTAL  APPARATUS 

As  shown  in  figure  2  we  used  probe  station  of  Napson 
RT-8A-8  (Japan-made)  and  high  insulation-constant  cur¬ 
rent  source  of  Burster  6426  (Germany-made)  with  0.1  % 
accuracy,  digital  voltmeter  of  Datron  1281  (U.S.A-made) 
with  0.001  %  accuracy,  and  four-point  probe  head  (Jan- 
del  of  U.K,  tip  material: tungsten  carbide,  tip  radius  : 
100  /im,  tip  pressure  :  100  g,  probe  spacing  :  1.596  mm) 
to  measure  sheet  resistance  and  probe  contact  resistance 
simultaneously.  Total  systematic  uncertainty  of  sheet  re¬ 
sistance  measurements  by  dual  configuration  method  is 
0.1  %  and  by  single  configuration  is  0.5  %  from  rot-sum- 
square  (RSS)  estimation  of  geometrical  correction  accu¬ 
racy  and  instrument  accuracy. 

IV.  RESULTS  AND  DISCUSSIONS 
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Table  1.  Sheet  resistance  and  probe  contact  resistance  val- 
ues  of  metallized  thin  films. 


Sample 

ri 

(ohm) 

*2 

(ohm) 

T3 

(ohm) 

(ohm) 

sheet  resistance 
(ohm/sq) 

single  conf.  dual  conf. 

WSi  v 

70.4 

37.8 

47.8 

49.3 

52.22 

52.49 

VV  OlX 

0.9  % 

1.9  % 

3.8  % 

2.9  % 

0.12  % 

0.04  % 

TiN 

162.9 

90.4 

103.6 

111.1 

132.21 

132.30 

0.25  %  0.26  %  0.31  %  0.39  % 

0.04  % 

0.005  % 

POCI3 

92.7 

52.0 

60.6 

64.6 

72.71 

72.86 

1.0  % 

1.2  % 

1.4  % 

1.3  % 

0.08  % 

0.02  % 

Table  2.  Ratios  of  probe  contact  resistance  to  sheet  resis¬ 
tance. 


Sample 

ri  /Rs 

T2  /Rs 

T3  /  Rs 

*4  /Rs 

WSiX 

1.3 

0.7 

0.9 

0.9 

TiN 

1.2 

0.7 

0.8 

0.8 

POCI3 

1.3 

0.7 

0.8 

0.9 

of  each  4  probe  using  the  method  mentioned  above  and 
measurement  results  are  as  followings. 

Here,  rj,  T2,  ^3,  1*4  means  probe  contact  resistance  and 
lower  values  of  each  number  are  estimated  standard  de¬ 
viation  of  each  10  measurements  and  Rs  means  sheet 
resistance  values 

As  shown  in  Table  1,  when  measurement  precision  of 
probe  contact  resistance  is  increasing,  that  of  sheet  re¬ 
sistance  is  also  increasing  and  the  ratios  of  probe  con¬ 
tact  resistance  to  sheet  resistance  have  linear  relation  as 
shown  in  Table  2.  This  result  is  similar  to  linear  relation 
of  spreading  resistance  to  sheet  resistance. 


As  samples  we  used  TiN  film  of  0.11  /im  thickness  on 
silicon  oxide  layer  of  0.1  //m,  tungsten-silicide  film  of  0.2 
/im  thickness  on  the  same  layer  and  POCI3  gas-diffused 
polysilicon  of  0.22  fim  thickness.  For  each  of  these  sam¬ 
ple  we  measured  sheet  resistance  10  times  by  single  and 
dual  configuration  method  and  probe  contact  resistance 


12  posrtiorhswrtching(_J 
[network  for  contact 
Iresistance  meas.  H 


High  insulation 
resistance 
constant  current 
supply 


Four-point  probe 


Fig.  2.  Block  diagram  of  sheet  resistance  and  probe  contact 
resistance  measurement  system. 


V.  5.  CONCLUSIONS 

we  have  developed  a  method  to  measure  sheet  resis¬ 
tance  and  probe  contact  resistance  simultaneously  and 
investigated  the  effect  of  probe  contact  resistance  on 
precise  sheet  resistance  measurements  of  metallized  thin 
films  and  semiconducting  layers.  We  found  that  sheet  re¬ 
sistance  values  by  dual  configuration  method  have  a  lin¬ 
ear  dependence  on  probe  contact  resistances,  and  which 
is  similar  to  the  results  of  spreading  resistance  method 
and  we  also  found  resistance  measurement  precision  by 
dual  configuration  have  nearly  the  same  change  rate  as 
that  of  probe  contact  resistance.  Based  on  these  results 
we  intend  to  compare  and  analyse  the  results  by  the 
above  four-point  probe  method  and  that  by  spreading 
resistance  method  in  the  near  future. 
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The  efFects  of  rf  plasma  power  on  the  structural/optical  properties  of  GaN-based  nitride  epilayers 
grown  by  plasma-assisted  molecular  beam  epitaxy  have  been  investigated.  Atomic  force  microscopy 
and  high-resolution  x-ray  diffraction  analyses  revealed  that  the  sharp  interface  of  Ino.2Gao.8N/GaN 
heterostructures  could  be  obtained  by  suppressing  the  surface  roughening  at  high  rf  power.  Photolu¬ 
minescence  data  suggested  that  the  formation  of  damaged  subsurface  due  to  energetic  particles  was 
alleviated  in  the  InGaN  growth  in  comparison  with  the  GaN  growth.  In  our  experimental  set-up,  the 
rf  power  of  400  W  appeared  to  properly  suppress  the  3D  island  formation  without  causing  defects 
at  the  subsurface  of  Ino.2Gao.8N.  The  phenomena  associated  with  the  indium  incorporation  could 
be  explained  by  an  inequality  with  two  kinetic  processes  of  the  surface  diffusion  and  the  plasma 
stimulated  desorption. 


I-  INTRODUCTION 

Recently,  lots  of  achievements  have  been  accomplished 
in  the  field  of  GaN-based  nitride  semiconductors  by  re¬ 
markable  breakthroughs  in  epitaxial  growth  technology, 
especially  in  metallic  organic  chemical  vapor  deposition 
[1].  Similarly,  plasma  assisted  molecular  beam  epitaxy 
(PAMBE)  has  demonstrated  useful  results  along  with  its 
advantageous  features  such  as  plasma-assisted  processes 
and  atomic  layer  growth.  However,  the  development  of 
GaN-based  epilayers  using  PAMBE  has  been  hindered 
by  uncertainty  about  the  effect  of  the  plasma  parameters 
on  film  quality  and  inadequate  control  of  the  energetic 
species  in  the  nitrogen  plasma.  Meanwhile,  the  applica¬ 
tion  of  very  low  energy  ion  beams  of  a  few  tens  of  eV 
have  focused  on  the  modulation  of  surface  reaction  ki¬ 
netics,  strain  relaxation,  and  island  formation  [2-4].  De¬ 
spite  the  relevant  role  of  plasma  parameters,  relatively 
few  articles  have  focused  on  the  study  of  plasma  parame¬ 
ters  in  GaN  epilayers  using  PAMBE  [5-7].  A  fundamen¬ 
tal  understanding  of  the  interactions  of  low-energy  ions 
with  semiconductor  surfaces  would  enable  the  tradeoff 
between  damage  production  and  surface  enhancement. 

The  objective  of  this  study  is  to  understand  the  effect 


of  the  rf  power  on  the  growth  of  GaN-based  epilayers 
by  exploring  correlations  between  the  structural/optical 
properties  and  the  rf  plasma  parameters.  Our  experimen¬ 
tal  results  on  In0.2Ga0.sN/GaN  superlattice  (SL)  struc¬ 
tures  provide  a  framework  for  understanding  the  compli¬ 
cated  role  of  plasma  parameters  on  the  growth  of  GaN- 
based  heterostructures. 


II.  EXPERIMENT 

Shown  Fig.  1  is  the  schematic  of  a  PAMBE  system 
modified  for  the  growth  of  GaN-based  wide  bandgap 
semiconductors  including  SiC.  Nitrogen  plasma  was  gen¬ 
erated  using  an  inductively  coupled  rf  plasma  source 
(SVT).  After  the  conventional  solvent  cleaning  and  etch¬ 
ing  processes,  20-nm-thick  AIN  buffer  layers  were  grown 
on  sapphire  (0001)  at  500  °C.  Then  GaN  epilayers  were 
grown  at  720  °C  and  followed  by  the  growth  of  ten  peri¬ 
ods  of  Ino.2Gao.8N/GaN  (25/50  A)  at  670  °C.  The  growth 
chamber  maintained  7xl0“5  torr  for  whole  growth  pro¬ 
cess.  The  surface  structure  of  epilayer  was  monitored  by 
in-situ  reflection  high  energy  diffraction  (RHEED)  and 
the  quality  of  obtained  epilayers  was  characterized  by 
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Fig.  1.  Schematic  diagram  of  the  PAMBE  system  equipped 
with  a  nitrogen  plasma  source,  an  electron  gun,  and  several 
effusion  cells.  The  rf  plasma  source  is  designed  to  deflect  the 
charged  particles  ejecting  from  a  PBN  nozzle,  to  prohibit  ions 
from  arriving  at  the  surface  of  epilayers. 


atomic  force  microscopy  (AFM),  high  resolution  x-ray 
diffraction  (HR-XRD),  and  low- temperature  (LT)  photo¬ 
luminescence  (PL).  HR-XRDs  using  a  triple  axis  diffrac¬ 
tion  (TAD)  method  were  measured  in  the  9-26  mode  as 
well  as  ^-rocking  curve  mode  using  CuKa  radiation  at 
voltage  50  kV  and  current  140  mA.  Other  experimental 
details  can  be  found  elsewhere  [8], 

III.  RESULTS  AND  DISCUSSION 


Fig.  2.  Growth  rate  and  roughness  data  plotted  as  a 
function  of  rf  input  powers  for  GaN  [9]  (open  circles),  and 
Ino.2Gao.8N  (closed  circles). 


Fig.  3.  LT-PL  spectra  measured  at  13  K  from  InGaN/GaN 
superlattice  samples  grown  with  the  rf  input  powers  of  200, 
400,  and  500  W. 


Growth  rates  and  root  mean  square  (rms)  roughness 
data  are  plotted  in  Fig.  2  as  a  function  of  the  input  rf 
power.  The  typical,  panoramic  features  of  PAMBE  are 
well  identified  from  the  data  on  GaN.  The  flux  of  reactive 
nitrogen  looks  sufficient  at  around  300  W  and  the  plasma 
stimulated  desorption  reduces  the  growth  rate  at  higher 
rf  power  levels.  The  surface  roughness  shows  a  significant 
fall  at  low  rf  power  and  decreases  monotonously  above 
300  W.  The  characteristic  behaviors  are  closely  related  to 
the  energy  and  flux  of  energetic  particles  being  governed 
by  the  rf  power  level.  Two  distinctive  features  are  found 
in  InGaN  growth:  the  growth  rate  above  400  W  saturates 
to  145  nm/hr  and  the  roughness  of  InGaN  at  200  W  is 
roughly  two  folds  of  GaN.  These  differences  are  discussed 
below  in  conjunction  with  a  kinetic  process  in  PAMBE, 
the  plasma-stimulated  desorption. 

InGaN/GaN  SLs  were  prepared  to  investigate  the  ef¬ 
fect  of  rf  powers  on  the  optical  transitions  in  InGaN  quan¬ 
tum  wells.  Shown  Fig.  3  represents  the  PL  spectra  for 
the  samples  grown  with  200,  400,  and  500  W.  Among  the 
spectra,  the  sample  B  grown  with  400  W  reveals  much 
better  optical  properties  than  the  other  spectra  in  terms 
of  high  emission  efficiency  and  peak  positions  as  well.  It 
was  previously  observed  that  the  PL  emission  in  GaN  epi¬ 
layers  was  substantially  degraded  above  300  W  [9].  The 
strong  light  emission  at  400  W  indicates  that  the  criti¬ 
cal  ion  energy  producing  defects  in  InGaN  was  slightly 
higher  than  that  in  GaN.  These  differences  are  presum¬ 
ably  attributed  to  the  indium  incorporation,  which  is  to 
modify  reactions  at  growth  fronts  and  crystal  quality  as 
well. 

From  the  separation  between  InGaN  peaks  of  A  and 
B,  ~90  meV,  the  carrier  concentration  in  the  sample  A 
was  calculated  as  high  as  8xl019  cm”3  [10].  Instead,  the 
carrier  concentration  in  the  sample  B  was  in  the  range  of 
low  1018  cm-3,  which  is  comparable  to  the  level  of  carrier 
concentration  excited  by  laser  illumination.  The  data 
indicate  that  plenty  of  donor  and  acceptor  centers  were 
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Table  1.  Lattice  constants  (a,  c);  binding  energy  between  group  III  and  nitrogen  atom,  Eiu—n ;  threshold  ion  energy  causing 
defects  at  subsurface,  Ec\  surface  energy,  7;  surface  diffusion  coefficient  of  group  III  adatoms,  Ds\  decomposition  temperature, 
Td\  and  nitrogen  flux,  <t>N 2,  decomposing  from  surfaces  of  AIN,  GaN,  and  InN  [9,14,16]. 


AIN 

- ,  -  ;  “  L  >  *  WJ* 

GaN 

InN 

flept  (A) 

3.112 

3.189 

3.544 

Cepi  (A) 

4.982 

5.185 

5.718 

Em^pf  (eV) 

2.88 

2.2 

1.93 

Ec  (eV) 

16.5 

15 

17 

7  (erg  cm-2) 

2,747 

2,098 

1,416 

j D,  (cm2  s-1) 

— 

0.007exp(-2.48/A:BT)  on  (0001)  plane 

— 

4>n 2  (cm  s  *)  3.6x  10  exp (~4.29/kBT) 

1.2xl031  exp(-3.93/A:BT) 

3.7xl031  exp(-3.48/JbsT) 

Td  (°C) 

1040 

850 

630 

10000  l 


3 

.ri 

w 

m 


c 

I 

O 

K 

X 


InGaN/GaN  SL 

B:  Prf=400  W 

GaN  (0002) 

r 

FWHM=48  arcsec 

m=0 

|  ■'  j\j 

I'liUhilMm 

_ . _ 1  1 _ 1 _ - 

i 

J _ _ _ l _ _ _ 1 _ _ _ 

-2000 


2000 


A0  (arcsecj 


4000 


6000 


Fig.  4.  HR-XRD  spectra  from  InGaN/GaN  superlattice 
structures,  measured  using  the  TAD  method.  The  FWHM 
48  arcsec  is  much  smaller  than  720  arcsec  measured  from  a 
rocking  curve  obtained  using  a  double  axis  diffraction  method, 
in  which  the  peaks  were  not  separable.  The  angular  separa¬ 
tion  of  adjacent  satellite  peaks  (m=— 1,  0,  -fl)  is  related  to 
the  period  of  the  superlattice  structures. 


produced  in  the  sample  A  due  to  its  nitrogen  deficiency 
condition.  Meanwhile,  the  peak  position  of  InGaN  in 
the  sample  C  remains  at  the  same  energy  level  as  in  the 
sample  B  regardless  substantial  degradation  in  transition 
efficiency. 

HR-XRD  measurements  were  performed  in  order  to 
investigate  the  crystalline  quality  of  the  samples.  The 
lattice  constants  of  GaN  were  measured  to  be  very  close 
to  that  of  bulk  GaN  listed  in  Table  I,  c=5.183  A.  We 
also  observed  that  the  increased  energy  and  flux  of  nitro¬ 
gen  ions  led  to  a  preferred  orientation  structure  and  that 
the  2D  planar  growth  enhanced  at  high  rf  power.  The 
sharp  and  strong  diffraction  peaks  were  obtained  from 
highly  crystalline  GaN  epilayers  grown  with  300~400  W. 
The  HR-XRD  spectrum  in  Fig.  4  shows  GaN  (0002) 
peak  with  the  full-width  at  half  maximum  (FWHM)  as 
small  as  48  arcsec  and  three  diffraction  peaks  due  to 
the  InGaN/GaN  superlattice,  noted  as  m=— 1,  0,  and 
+1.  The  measured  period  of  SLs  from  the  separation 
between  satellite  peaks  was  same  as  designed,  75  A.  In 


Fig.  5.  Schematic  of  various  kinetic  processes  occurring  by 
the  ion  bombardment  as  a  function  of  ion  energy  and  the 
ion/ atom  flux  ratio  [9].  The  low  limit  of  ion  effects,  a  solid 
line  was  obtained  by  Harper  et  al.  in  experiments  for  vari¬ 
ous  metallic  films  [13].  The  shaded  area  indicates  the  typical 
growth  conditions  of  PAMBE,  where  the  open  and  closed  di¬ 
amonds  are  the  specific  points  for  1  and  2  seem  nitrogen  gas 
flow,  respectively,  with  the  increase  of  rf  input  powers  from 
200  to  500  W  with  the  interval  of  100  W.  The  dotted  line 
for  GaN  is  the  inequality  crossovers  of  thermal  and  kinetic 
processes,  approximated  from  Eq.  (1)  for  T=720  °C. 


addition,  the  peak  position  of  InGaN,  0inGaN=17.184°, 
gives  its  lattice  constant  5.212  A  from  an  equation, 
cinGaN=Vcos0inGaN‘  The  lattice  constant  of  In0.2Ga0.sN 
is  estimated  as  5.292  A  and,  then,  the  compressive  strain 
in  InGaN  epilayer  is  obtained  as  1.5  %.  This  residu¬ 
al  strain  less  than  the  original  strain  2  %  between  In¬ 
GaN  and  GaN,  indicates  that  the  InGaN  epilayers  were 
partially  relaxed.  Meanwhile,  from  transmission  electron 
microscopy  observations,  we  found  that  dislocations  were 
not  newly  initiated  at  the  interface  of  InGaN  and  GaN. 
This  confirms  that  the  thickness  of  InGaN  was  less  than 
the  critical  thickness,  7.6  nm,  calculated  from  a  theoret¬ 
ical  estimation  using  a  Matthew  and  Blakeslee  model,  so 
that  the  relaxation  occurred  in  elastic  deformation. 

Various  process  regimes  due  to  ion  bombardments  are 
distinguished  in  Fig.  5  as  a  function  of  ion  energy  and 
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ion/atom  flux  ratio  [11-13].  According  to  our  previous 
work,  the  operational  conditions  of  PAMBE,  the  shaded 
area  is  placed  at  a  broad  range  near  to  the  surface  des¬ 
orption.  The  solid  line  in  Fig.  5,  determined  by  Harp¬ 
er  et  al.  from  experimental  results  on  various  metallic 
films,  divides  the  lowest  limit  of  ion  bombardment  [13]. 
A  few  works  regarding  the  effect  of  ion  beam  bombard¬ 
ment  on  the  epilayer  growth  support  our  experimental 
results.  Their  data  involving  energetic  particles  often  re¬ 
veal  discrepancies,  which  are  particularly  subject  to  the 
substrate  materials,  reactive  particles,  and  plasma  pa¬ 
rameters  affecting  the  energy  and  flux  of  ions.  The  stress 
accumulated  by  the  lattice  mismatch  between  adjacent 
epilayers  is  known  to  cause  2D-to-3D  transitions.  This 
surface  roughening  must  be  either  promoted  by  surface 
diffusion  or  relieved  by  plasma  stimulated-desorption. 

The  nucleation  behavior  of  3D  islands  is  described  us¬ 
ing  kinetic  rate  equations  consisting  of  forward  and  re¬ 
verse  reactions.  The  effects  of  ion-induced  displacement 
on  the  nucleation  rate  can  be  estimated  by  adding  a  term 
for  the  breakup  of  the  critical  size  nuclei.  The  forward 
reaction  of  nucleation  which  occurs  by  the  direct  impinge¬ 
ment  of  Ga  and  the  diffusion  of  single  adatoms  with  sur¬ 
face  density  to  critical-sized  clusters  with  surface  den¬ 
sity  ncr  is  rate  limited  by  thermal  and  plasma-stimulated 
desorption,  using  an  ion  beam  with  energy  Ei  and  flux  J{. 
The  desorption  rate  is  given  by  r  =  na(l/rth  +  BE\Ji ), 
in  which  na  is'the  number  density  of  adsorbed  atoms,  rth 
is  the  average  residence  time  of  the  adatoms  influenced 
by  the  thermal  energy,  and  a  constant  B  (=4.4xl0-15 
cm2/V  for  GaN)  is  the  plasma  stimulated  desorption 
yield  per  ion  [9,14-16].  Then  the  reaction  rate  can  be 
expressed  as; 


dn 

dt 


—  [FiA  +  crDni]ncr  — 


- {-  BEiJi 

Jth 


N s  Atict- |-i )  (1) 


where  Fi  is  the  flux  of  incoming  Ga  atoms,  Ns  is  the  sur¬ 
face  atomic  density,  A  is  the  average  surface  area  covered 
by  a  stable  nucleus  (~10-14  cm-2),  and  a  is  a  geometri¬ 
cal  factor  describing  adatom  diffusion  to  critical  islands, 
typically  2 

After  abbreviation  by  fixing  the  flux  and  the  substrate 
temperature  same,  the  inequality  to  suppress  3D  nucle¬ 
ation  is  aD/ A<BEiJ{.  Using  D5=0.007exp(— 2.48/£bT) 
for  Ga  in  Table  1  and  cr=2,  the  inequality  is  satisfied 
when  EiJi  >  3  x  1013  eV  cm-2  sec-1  for  the  substrate 
temperature  of  720  °C. 

The  dotted  line  in  Fig.  5  represents  the  inequality  line 
for  the  GaN  growth  at  720  °C.  The  inequality  crossover 
exists  apparently  near  to  the  solid  line.  As  discussed 
above,  in-situ  RHEED  patterns  showed  streaky  lines  at 
high  rf  power  level  and  the  morphology  of  resulting  epi¬ 
layers  turned  out  to  be  smooth  with  small  roughness  val¬ 
ues.  For  InGaN,  the  diffusion  term  in  Eq.  (1)  looks 
predominant  at  the  low  rf  power  regime  and  resulted  in 
very  rough  surface  morphology  as  shown  in  Fig.  2.  Cur¬ 


rently,  the  same  consideration  as  GaN  may  be  applied 
to  the  InN  growth.  Nevertheless  it  is  believed  that  the 
inequality  line  for  InGaN  would  exist  above  the  dotted 
line  because  of  high  diffusivity  and  large  mass  of  indium. 

Unlike  the  structural  properties,  the  optical  properties 
of  epilayers  would  be  more  likely  depending  on  the  ion 
energy  than  its  flux.  The  displacement  energy  of  bulk 
atoms,  Eb  ~  24  eV,  is  approximated  as  three  times  of 
the  cohesive  energy  for  GaN.  Since  the  surface  atoms  are 
less  tightly  bound  by  a  factor  of  two  than  atoms  in  the 
bulk,  z.e.,  lower  coordination  numbers,  the  displacement 
energy  of  surface  atoms  is  approximated  as  Es  ~  12  eV. 
The  threshold  energy  Eth  for  displacement  is  given  by 
Eth  —  E/l,  where  the  ratio,  7,  indicates  the  recoil  energy 
transfer  efficiency,  and  given  by  7  =  4MiM2/(Mi+M2)2, 
where  M\  and  M2  are  the  mass  of  the  projectile  and  the 
target  atom.  That  is,  7=1.0,  0.82,  and  0.63  for  AIN, 
GaN,  and  InN,  respectively.  By  employing  critical  en¬ 
ergies  for  the  displacement  of  atoms  at  subsurface,  the 
threshold  energy  of  particles  for  defect  formation  at  the 
subsurface  are  estimated  as  16.5,  15,  and  17  eV  for  AIN, 
GaN  and  InN,  respectively. 

Above  considerations  show  that  ions  with  energy  <15 
eV  alter  surface  kinetics  without  causing  bulk  damage. 
The  rf  powers  corresponding  to  15  eV  are  300  and  400  W 
for  1  and  2  seem  nitrogen  gas  flow,  respectively.  Consid¬ 
ering  the  Boltzman  distribution  of  ion  energy,  the  average 
ion  energy  less  than  15  eV  looks  safe  for  the  high  qual¬ 
ity,  defect  free  film  growth.  Consequently,  the  strong 
PL  emission  in  Fig.  3  could  be  achieved  from  the  In¬ 
GaN/GaN  grown  with  400  W.  The  influence  of  ion  bom¬ 
bardment  may  be  excluded  by  raising  the  growth  tem¬ 
perature.  However,  the  thermal  generation  of  nitrogen 
vacancy  due  to  surface  decomposition  appears  as  a  lim¬ 
iting  factor  again,  as  noted  Td  in  Table  1.  In  reality, 
the  PAMBE  system  in  Fig.  1  is  equipped  with  a  pair  of 
electrodes,  which  is  designed  to  deflect  charged  particles 
ejecting  through  a  PBN  nozzle.  The  electrical  bias  above 
300  V  prohibits  charged  particles  from  arriving  at  the 
surface  of  epilayers.  Our  observations  suggest  that  the 
growth  with  high  rf  power  is  beneficial  for  the  growth  of 
flat  buffer  layer  and  that  the  removal  of  energetic  parti¬ 
cles  for  the  growth  of  active  layer  requiring  high  optical 
properties.  Experimental  results  about  the  growth  with 
the  removal  of  energetic  particles  will  be  discussed  in  a 
separate  issue. 


IV.  CONCLUSIONS 

We  have  investigated  the  effect  of  the  rf  plasma  power 
on  kinetic  processes  and  the  structural/optical  proper¬ 
ties  of  Ino.2Ga0.sN/GaN  superlattice  grown  by  PAMBE. 
AFM  and  HR-XRD  data  demonstrated  that  the  interface 
of  Ino.2Gao.8N/GaN  heterostructures  was  significantly 
improved  by  the  bombardment  of  energetic  particles  sup- 
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pressing  3D  island  formation.  PL  data  revealed  that  the 
influence  of  energetic  particles  on  Ino.2Gao.8N  growth  was 
substantially  alleviated  in  comparison  with  GaN.  In  our 
experimental  set-up,  the  rf  power  of  400  W  appeared  to 
properly  suppress  the  3D  island  formation  without  caus¬ 
ing  defects  at  the  subsurface  of  In0.2Ga0.gN  epilayers. 
The  phenomena  associated  with  the  indium  incorpora¬ 
tion  could  be  properly  explained  by  the  inequality  con¬ 
sisting  of  the  surface  diffusion  and  the  plasma  stimulated 
desorption. 
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On  the  various  substrates  of  silicon  (001),  fused-silica  glass  and  indium  tin  oxide  (ITO)/glass, 
polycrystalline  GaN  thin  films  have  been  grown  by  RF  plasma  enhanced  chemical  vapor  deposition 
(PECVD).  X-ray  diffraction  (XRD)  measurements  revealed  that  introduction  of  low  temperature 
GaN  buffer  layer  made  the  main  GaN  layer  to  be  sticky  and  stable,  and  the  main  GaN  layers  were 
oriented  in  (0002)  planes.  Polycrystalline  IrixGai-xN  thin  films  on  ITO/glass  substrates  were  also 
grown  by  RF  PECVD.  XRD  measurement  revealed  that  the  (0002)  and  (1011)  planes  were  detected 
and  the  20  angles  of  the  planes  shifted  to  the  lower  angles  with  increasing  the  In  vapor  'ratios. 
Optical  absorption  measurements  indicated  that  the  absorption  band  edges  of  the  films  shifted  to 
the  lower  energy  with  increasing  of  In  solid  compositions. 


I.  INTRODUCTION 

GaN-based  heteroepitaxial  structures  grown  on  sap¬ 
phire  substrates  by  metalorganic  vapor  phase  epitaxy 
(MOVPE)  method  have  become  the  most  promising  ma¬ 
terial  for  the  blue/ultraviolet  light  emitters  [1].  Although 
a  sapphire  substrate  is  highly  lattice  mismatched  with 
the  GaN  epitaxial  layer  and  this  gives  rise  to  high  densi¬ 
ty  of  dislocations,  the  GaN  based  structures  have  shown 
the  high  quantum  efficiency.  Recently,  Iwata  et  al.  suc¬ 
cessfully  fabricated  polycrystalline  GaN  thin  films  on 
fused-silica  quartz  substrates  by  molecular  beam  epitaxy 
(MBE).  The  samples  grown  at  750  °C  showed  a  strong 
photoluminescence  (PL)  emission  peak  without  deep  lev¬ 
el  emission  at  room  temperature  (RT)  [2].  Other  group 
has  attempted  the  use  of  conventional  silicate  glass  sub¬ 
strates,  where  the  growth  temperature  should  be  lower 
than  the  strain  points  of  the  glass  ( e.g .,  600~670  °C). 
Radio-frequency  (RF)  reactive  evaporation  was  applied 
for  the  growth  of  polycrystalline  GaN,  and  the  result 
showed  that  the  GaN  films  grown  on  the  glass  substrate 
at  low  temperatures  have  the  possibility  of  large-area  de¬ 
vice  applications  [3]. 

RF  plasma  enhanced  chemical  vapor  deposition 
(PECVD)  is  one  of  the  suitable  methods  for  growing 
polycrystalline  GaN  thin  films  on  the  non-crystalline  sub¬ 
strates  such  as  glass  because  the  growth  temperature  Gan 
be  lowered  owing  to  the  decomposition  of  N2  by  RF  plas¬ 
ma  [4].  This  technique  also  has  been  suitable  for  the 
fabrication  of  large  area  samples.  Furthermore,  this  tech¬ 
nique  offers  easy  composition  control  of  InGaN  and  other 
alloys  and  introduction  of  various  impurities  is  possible 


by  flow  rate  of  source  gases. 

In  this  work,  we  report  about  growth  of  poly  crystalline 
GaN  and  InGaN  on  the  various  substrates,  e.g.,  silicon 
for  a  crystalline  substrate,  fused-silica  quartz  glass  and 
indium  tin  oxide  (ITO)  deposited  on  silicate  glass  for  the 
non-crystalline  substrates,  by  RF  PECVD. 

II.  EXPERIMENTAL  DETAILS 

Silicon  (001),  fused-silica  quartz  glass,  and  silicate 
glass  substrates  (Corning  code  1737)  deposited  with  ITO 
thin  films  were  used  for  growth  of  polycrystalline  GaN 
and  ITO/glass  was  also  used  for  InrGai_xN  thin  films 
by  RF  PECVD.  The  growth  equipment  is  schematically 
shown  in  Fig.  1.  Trimethlyindium  (TMIn)  and  triethly- 
gallium  (TEGa)  with  N2  carrier  gas  were  introduced  close 
to  the  substrates  and  used  for  the  In  and  Ga  sources,  re¬ 
spectively.  Mass  flow  controllers  (MFC)  were  used  to 
control  the  flow  rate  of  the  sources  with  using  N2  bub¬ 
bling  gas.  Inductively  coupled  plasma  of  N2  generat¬ 
ed  at  13.56  MHz  was  utilized  for  the  nitrogen  source. 
The  size  of  silicon  and  fused-silica  quartz  substrates  was 
10x10  mm2.  An  ITO/glass  substrate  was  15x15  mm2 
in  size  and  the  thickness  of  the  ITO  film  was  about  1400 
A.  The  substrates  were  cleaned  in  organic  solvents  using 
conventional  processes  before  introduction  to  the  growth 
chamber.  The  typical  sample  structure  consisted  of  the 
low  temperature  grown  GaN  buffer  layer  and  the  main 
GaN  or  InxGai_xN  layer.  The  growth  temperature  of 
the  buffer  layer  and  main  layers  varied,  depending  on  the 
different  substrates,  to  obtain  better  quality  of  the  main 
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Fig.  1.  Schematic  diagram  of  RF  plasma  enhanced  chemi¬ 
cal  vapor  deposition  (PECVD)  equipment. 


layers.  However,  we  should  have  noted  that  the  growth 
on  an  ITO/glass  substrates  must  be  done  at  the  temper¬ 
ature  sufficiently  lower  than  the  strain  point  (667  °C)  of 
the  silicate  glass.  The  growth  experiments  of  In^Gai^N 
were  done  on  the  ITO/glass  substrates.  The  main  layer 
was  grown  by  varying  the  TMIn  and  TEGa  vapor  ratios 
at  the  growth  temperature  of  500  °C. 

The  thickness  of  the  buffer  layer  was  typically  250  A 
and  that  of  the  main  GaN  or  In^Gaj^N  layer  was  about 
1.0  fim.  The  structural  characterization  of  the  samples 
was  carried  out  by  X-ray  diffraction  (XRD),  and  their 
optical  properties  were  characterized  by  absorption  using 
a  deuterium  lamp.  Surface  morphologies  were  observed 
by  Nomarski  interference  microscopy. 

III.  RESULTS  AND  DISCUSSIONS 
1.  Growth  of  Polycrystalline  GaN 
a.  Structural  Characteristics 

Figure  2  shows  the  XRD  measurements  of  GaN  thin 
films  grown  on  (a)  silicon,  (b)  fused-silica  quartz  glass, 
and  (c)  ITO/glass  substrates.  In  Fig.  2(a),  the  buffer 
GaN  layer  and  the  main  layer  were  grown  on  silicon  at 
400  °C  and  650  °C,  respectively.  The  sample  without 
buffer  GaN  layer  does  not  show  any  XRD  peaks  of  the 
crystal  planes  comparing  with  that  having  the  buffer  lay¬ 
er  showing  highly  oriented  (0002)  planes.  Fig.  2(b)  indi¬ 
cates  the  results  on  fused-silica  quartz  glass  substrates, 
which  show  the  XRD  peaks  originating  from  (0002)  and 
(1011)  planes  in  the  sample  that  has  the  buffer  layer. 
Here,  the  growth  temperatures  were  250  °C  and  650  °C 
for  the  buffer  and  main  GaN  layers,  respectively.  Fig. 
2(c)  shows  the  results  on  the  ITO/glass  substrates,  which 
reveal  the  similar  tendency  with  other  substrates.  Only 


(c)  (0002)  (1011) 


2  6  (deg.) 


Fig.  2.  XRD  patterns  of  the  GaN  thin  films  grown  on  (a) 
silicon,  (b)  fused-silica  quartz  glass,  and  (c)  ITO/glass  sub¬ 
strates  with  and  without  the  GaN  buffer  layer. 


but  the  growth  temperatures  (buffer  layer;  200  °C,  main 
layer;  500  °C)  were  lower  than  those  on  silicon  and  fused- 
silica  glass  substrates. 
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(a),(b)  on  silicon  (c)  .(d)  on  fuscd-silica  glass  (e),  (f)  on  ITO/glass 

Fig.  3.  Surface  morphologies  of  the  GaN  thin  films  (a)  with 
and  (b)  without  buffer  layer  on  silicon,  (c)  with  and  (d)  with¬ 
out  buffer  layer  on  fused-silica  quartz  glass,  and  (e)  with  and 
(f)  without  buffer  layer  on  the  ITO/glass  substrates  observed 
by  Nomarski  interference  microscopy. 


As  a  result,  in  the  growth  of  poly  crystalline  GaN  thin 
film,  introduction  of  GaN  buffer  layer  was  helpful  for 
making  crystallinity  of  main  GaN  layer  better.  Especial¬ 
ly,  the  full  width  at  half  maximum  (FWHM)  in  the  crys¬ 
talline  substrate  was  much  smaller  than  those  in  the  non- 
crystalline  substrates.  Consequently,  it  is  well  consistent 
with  that  the  buffer  layer  in  the  conventional  growth  of 
epitaxial  GaN  has  been  reported  to  play  a  role  in  produc¬ 
ing  a  high  quality  sample  with  a  flat  and  smooth  surface 
[5,6]. 


Fig.  4.  XRD  patterns  of  InN,  GaN  and  InxGai_xN  grown 
on  ITO/glass  with  the  indium  vapor  ratios  of  (a)  27  %,  (b) 
32  %,  and  (c)  52  %. 


2.  Growth  of  Polycrystalline  InGaN 
a.  Structural  Characterization  by  XRD  Measurements 


b.  Surface  Morphology 

Surface  morphologies  of  GaN  thin  films  grown  on  the 
various  substrates  with  and  without  buffer  layer  observed 
by  Nomarski  interference  microscopy  are  indicated  in  Fig. 
3.  The  morphology  of  GaN  grown  on  a  silicon  substrate 
without  the  buffer  layer  (Fig.  3(b))  shows  many  cracks 
oblique  on  the  surface.  Growth  with  the  buffer  layer 
(Fig.  3(a))  did  not  give  any  cracks  on  it.  Figs.  3(c) 
and  (d)  show  the  morphologies  of  GaN  grown  on  fused- 
silica  quartz  glass  substrates  with  and  without  the  buffer 
layer,  respectively.  In  Fig.  3(d),  many  irregular  strips  are 
observed,  on  the  contrary,  only  a  few  circle-like  cracks  are 
left  in  Fig.  3(d).  In  the  case  of  GaN  grown  on  ITO/glass 
substrates,  Figs.  3(e)  and  (f)  show  the  morphologies  with 
and  without  the  buffer  layer.  Many  irregular  cracks  are 
observed  in  (f ) ,  however  the  cracks  decrease  extremely  as 
being  observed  in  (e).  Consequently,  the  growth  of  the 
buffer  layer  was  very  helpful  to  make  the  surface  to  be 
sticky  flat.  The  quality  of  the  samples  with  growing  the 
buffer  layer  was  different  with  the  substrates,  e.g .,  the 
one  on  a  crystalline  silicon  substrate  does  not  have  so 
many  cracks  comparing  with  those  on  the  non-crystalline 
substrates. 


In  Fig.  4,  the  results  of  XRD  measurements  of  GaN, 
InN,  and  InrGai_xN  thin  films  are  shown.  The  growth 
conditions  were  that  the  RF  plasma  power  of  200  W,  N2 
flow  rate  of  40  seem,  and  the  growth  temperature  of  500 
°C.  For  the  growth  GaN  and  InN,  the  flow  rates  of  TEGa 
and  TMIn  were  0.43  /imol/min  and  0.47  //mol/min,  re¬ 
spectively.  For  the  InrGai_rN  thin  films,  the  flow  rates 
of  TEGa  and  TMIn  were  controlled  with  MFCs  and  ad¬ 
justed  [TMIn]/([TEGa]+[TMIn])  to  be  between  0  and 
1.  The  XRD  result  of  GaN  shows  a  peak  at  20=34.54° 
which  originates  from  (0002)  planes,  indicating  c-axis 
orientation,  and  another  peak  at  20=36.9°  originating 
from  (lOll)  plane.  The  result  of  InN  shows  strong  peaks 
at  20=31.4°  and  33.2°  which  originate  from  (0002)  and 
(1011)  planes,  respectively.  With  increasing  of  vapor  ra¬ 
tios  of  TMIn  from  (a)  27  %,  (b)  32  %,  to  (c)  52  %,  the 
XRD  peaks  from  (0002)  and  (101 1)  planes  of  In^Gai-^N 
shifts  to  the  lower  20  angles.  These  results  are  explained 
by  the  well-defined  correlation  between  Ga  and  In  solid 
compositions  in  the  films. 

In  solid  composition  in  the  film  was  calculated  us¬ 
ing  Vegard’s  law  from  the  lattice  constants.  In  Fig.  5, 
the  obtained  In  solid  compositions  x  are  shown  against 
TMIn  vapor  ratios  of  [TMIn]/([TEGa]+[TMIn])  and  lat- 
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TMIn  Vapor  Ratio 

Fig.  5.  Variations  between  TMIn  vapor  ratio,  lattice  con¬ 
stants  and  In  solid  composition. 
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Fig.  6.  Optical  absorption  measurements  of  In^Gai-^N 
thin  films  of  In  solid  compositions  (x)  (a)  42  %  (solid  tri¬ 
angles),  (b)  52  %  (hallow  circles),  (c)  63  %  (solid  circles)  and 
GaN  (solid  rectangles)  on  the  ITO/glass  substrates  grown  at 
500  °C. 

tice  constants.  As  increasing  the  TMIn  vapor  ratio,  In 
solid  composition  increases  with  some  bowing  effects, 
which  is  similar  to  those  often  holds  in  many  III-V  com¬ 
pound  structures  [7], 

b.  Optical  Absorption  Measurements 

In  optical  absorption  measurements  at  RT,  relations 
between  the  photon  energy  hi/  and  (ad)2,  square  of  the 
product  of  absorption  coefficient  a  and  d  of  film  thick¬ 
ness,  are  shown  in  Fig.  6.  This  plot  is  given  assuming 
that  the  absorbance  ad  is  proportional  to  (hi/  —  Eedge)1^2 


in  direct  transition,  where  Eedge  is  the  absorption  band- 
edge  energy.  Fig.  6  shows  that  the  absorption  band  edge 
of  GaN  is  about  3.25  eV  and  those  of  InxGai_xN  are 
shifted  to  the  lower  energies  a s  increasing  the  In  solid 
compositions,  i.e.,  (a)  2.7  eV  for  x=42  %  and  (c)  2.23 
eV  for  x=63  %.  The  calculated  energy  band  gaps  of 
single  crystalline  InxGax_xN  are  2.76  eV  and  2.45  eV 
for  x=42  %  and  x=63  %,  respectively,  showing  that  the 
measured  absorption  band  edges  in  this  experiment  are 
smaller  than  the  energy  bandgap.  That  is  probably  be¬ 
cause  of  band  tailings  in  polycrystalline  InGaN  films. 

IV.  CONCLUSIONS 

Polycrystalline  GaN  thin  films  have  been  grown  on 
the  various  substrates  of  silicon,  fused-silica  quartz  glass 
and  ITO/glass  by  RF  PECVD.  Growth  of  low  temper¬ 
ature  GaN  buffer  layer  made  the  main  GaN  layer  to  be 
sticky  and  stable.  XRD  measurements  revealed  that  GaN 
grown  on  non-crystalline  substrates  was  oriented  in  the 
(0002)  planes. 

Polycrystalline  InxGai_xN  thin  films  on  ITO/glass 
substrates  were  also  grown  by  RF  PECVD.  The  results  of 
XRD  measurement  indicated  that  the  (0002)  and  (1011) 
planes  were  oriented  on  the  InxGai_xN  films  and  the  2 0 
angles  of  the  planes  shifted  to  the  lower  angles  with  in¬ 
creasing  the  In  vapor  ratios.  Results  of  optical  absorption 
measurements  showed  that  the  absorption  band  edges  of 
the  samples  shifted  to  the  lower  energy  with  increasing 
of  In  solid  compositions.  These  results  consistently  in¬ 
dicate  well-defined  correlation  between  Ga  and  In  solid 
compositions  in  the  films. 
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An  epitaxial  growth  process  of  GaN  on  gamma(7)-Al2  03/Si(lll)  substrate  was  investigated  by 
in- situ  reflection  high-energy  electron  diffraction  (RHEED)  and  atomic  force  microscopy  (AFM) 
observations.  The  7-AI2O3  layer  was  epitaxially  grown  on  a  Si(lll)  substrate  by  molecular  beam 
epitaxy  (MBE)  method  and  used  as  an  intermediate  layer.  The  thickness  of  7-AI2O3  is  about  2 
nm  and  the  surface  morphology  is  almost  flat  structure.  The  GaN  epilayer  was  regrown  on  the  7- 
Al2C>3/Si(lll)  structure  by  radio  frequency  MBE.  It  is  found  that  the  GaN  layer  is  epitaxially  grown 
on  7-Al2  03/Si(lll)  substrate  under  the  epitaxial  relationship  with  [ll20]GaN//[nO]7_Ai2o3/Si-  It 
is  considered  that  7-AI2O3  layer  is  effective  as  the  intermediate  layer  and  hexagonal  GaN  layer 
succesfully  grown  on  the  7-Al2C>3/Si(lll)  structure. 


I.  INTRODUCTION 

The  III-V  nitride  semiconductors  are  promising  mate¬ 
rials  for  blue  and  ultra  violetwavelength  optoelectronic 
applications  [1-3].  Many  GaN-based  applications  of  op¬ 
toelectronic  and  electronic  devices  are  demonstrated  on 
sapphire  and  SiC  substrates  [4-8].  It  is,  however,  diffi¬ 
cult  to  obtain  the  large  size  and  high  quality  GaN  epi¬ 
layer  on  a  silicon  (Si)  substrate  [9].  Devices  formed  on 
Si  substrates  have  not  yet  been  performed  regardless  of 
many  advantages  of  Si  such  as  high  quality,  large  size, 
low  cost  and  controllability  of  the  conductivity  [10,11]. 
The  Si  substrate  is  mismatched  with  GaN  in  the  lattice 
constant  and  thermal  expansion  coefficient  as  same  as 
sapphire.  Therefore,  it  has  been  expected  to  grow  a  high 
quality  GaN  epilayer  on  Si  using  an  appropriate  buffer 
layer  [12-18]. 

The  lattice  mismatch  between  Si  and  7-AI2O3  is  about 
4  %.  It  was  reported  that  a  single  7-AI2O3  layer  was 
epitaxially  grown  on  Si(100)  with  mirror-like  surface 
by  low-pressure  chemical  vapor  deposition  (CVD)  using 
A1(CH3)3  and  N20  gas  sources  [19,20].  T.  Kimura  et 
al  [21-23]  reported  that  a  single  90-nm-thick  7-AI2O3 
layer  with  flat  surface  is  obtained  on  the  Si  (100)  by  ul- 
trahigh  vacuum  CVD  using  O2  as  the  oxidation  source 
gas  [24-26].  In  addition,  it  was  reported  previously  that 
the  single  2  nm-thick  7-AI2O3  layer  is  grown  on  Si(lll) 
substrates  by  AI-N2O  mixed  source  molecular  beam  epi¬ 
taxy  (MBE)  [26]. 
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In  recent,  it  was  reported  that  a  thin  GaN  epilayer 
with  the  flat  surface  is  successfully  grown  on  a  sapphire 
(0001)  substrate  using  a-GaN  buffer  layer  deposited  at 
room  temperature  [27].  Therefore,  it  has  been  expected 
to  grow  a  high  quality  h-GaN  layer  on  Si  substrate  using 
the  7-AI2O3  epilayer  as  an  intermediate  layer.  It  is  con¬ 
sidered  that  the  7-Al203/Si(100)  substrate  is  effective 
for  an  application  combined  with  Si-ULSI  technology. 
On  the  other  hand,  the  surface  of  the  7-Al203/Si(100) 
substrate  has  a  tetragonal  symmetry  because  the  crys¬ 
tal  phase  of  7-AI2O3  is  a  cubic  one.  Therefore,  the  7- 
Al203/Si(lll)  substrate  is  more  useful  for  the  investi¬ 
gation  of  the  growth  process  of  h-GaN.  However,  the 
initial  growth  processes  of  h-GaN  on  7-Al203/Si  sub¬ 
strates  have  not  been  clarified  [21,22].  In  the  present 
work,  we  have  investigated  the  growth  of  GaN  epilay¬ 
er  on  the  7-Al203/Si(lll)  substrate  by  radio  frequency 
(RF)  MBE  with  in- situ  reflection  high-energy  electron 
diffraction  (RHEED)  system. 

II.  EXPERIMENT 

A  growth  apparatus  for  RF-MBE  equipment  with  a 
RHEED  system  was  used  for  in-situ  observation  of  the 
growth  process  of  GaN  epilayers.  Since  details  of  the 
apparatus  have  been  reported  previously  [27] ,  only  a  brief 
outline  is  described  here.  A  chamber  was  evacuated  by 
an  oil  diffusion  pump  with  a  liquid  N2  trap,  and  the  base 
pressure  was  2xlO-10  Torr. 

The  single  7-AI2O3  intermediate  layers  were  epitaxi¬ 
ally  grown  on  Si(lll)  substrate  by  mixed  source  MBE 
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[25].  Thickness  of  7-AI2O3  epilayer  was  about  2  nm. 
GaN  layer  was  regrown  on  the  7-Al203/Si(lll)  struc¬ 
tures  by  RF-MBE  mentioned  above.  They  were  chem¬ 
ically  cleaned  with  etching  by  dipping  in  a  solution  of 
HF:H2O=l:50  before  being  set  in  the  preparation  cham¬ 
ber.  After  thermal  cleaning  of  the  surface  for  10  min  at 
800  °C,  the  amorphous  GaN  buffer  layer  was  deposited 
on  the  substrate  at  room  temperature  for  4  min  under  the 
condition  of  a  N2  flow  rate  of  0.5  seem  and  a  Ga  flux  of 
3xl0~8  Torr.  The  substrate  temperature  was  measured 
by  an  optical  pyrometer  corrected  using  the  A1  melting 
point.  The  amorphous  GaN  buffer  layer  changes  to  the 
single  crystal  by  thermal  annealing  at  700  °C  and  then 
the  GaN  epilayer  was  grown  at  700  °C  under  the  Ga  flux 
of  3xl0~7  Torr  and  N2  flow  rate  of  0.5  seem.  The  pres¬ 
sure  during  growth  was  2xl0-4  Torr.  The  substrate  sur¬ 
face  and  growth  process  in  the  initial  stage  were  in-situ 
observed  by  RHEED  system  operated  at  an  acceleration 
voltage  of  15  kV.  The  morphology  of  the  substrate  and 
the  growing  surfaces  was  proved  by  AFM  system. 


Fig.  1.  In  situ  RHEED  patterns  from  7- Al203/Si(l  11)  sub¬ 
strate  after  thermal  cleaning  and  corresponding  schematic 
diagrams  of  the  two-dimensional  (2D)  reciprocal  lattice  ex¬ 
plaining  the  RHEED  patterns.  The  incident  electron  beam 
is  parallel  to  the  (a)  [112]  and  (b)  [110]  directions.  The  solid 
circles  represent  the  diffraction  streaks  observed  in  the  zeroth 
Laue  (L0)  zone  of  the  RHEED  patterns,  (c)  is  a  unit  cell  in 
the  2D  reciprocal  lattice  derived  from  (a)  and  (b). 


III.  RESULT  S  AND  DISCUSSIONS 

We  first  investigated  the  surface  structure  of  the  7- 
Al203/Si(lll)  substrate  after  thermal  cleaning  at  800  °C 
for  10  min.  Figure  1  shows  RHEED  patterns  from  the 
thermally  cleaned  surface  of  the  substrate  and  schemat¬ 
ic  diagrams  of  the  reciprocal  lattice  space.  The  incident 
electron  beam  is  parallel  to  the  (a)  [112]  and  (b)  [110] 
direction.  In  Fig.  1,  fractional  diffraction  streaks  (in¬ 
dicated  by  allows)  in  the  zeroth  order  Laue  (Lq)  zone 
are  observed  among  fundamental  streaks  which  two- 
dimensional  (2D)  miller  indices  are  (11),  (00)  and  (II). 
The  distance  between  (00)  rod  and  a  fractional  rod  is 
just  half  one  between  fundamental  rods.  Therefore,  it  is 
considered  that  2D  miller  indices  of  these  fractional  rods 
are  (1/2  1/2)  and  (||).  Furthermore,  another  half  order 
streaks  are  also  observed  in  the  Lo  zone  as  indicating  by 
arrows  in  Fig.  1(b).  2D  reciprocal  unit  cell  derived  from 
these  results  is  shown  in  Fig.  1(c).  Therefore,  it  is  found 
that  a  (2x2)  surface  reconstructed  structure  was  formed 
on  the  7-Al2C>3/Si(lll)  substrate. 

In  order  to  investigate  the  growth  process  of  GaN  epi¬ 
layer  and  the  epitaxial  relationship  between  the  epilayer 
and  substrate,  the  GaN  epilayer  is  grown  by  a  two-step 


Fig.  2.  RHEED  patterns  taken  in  situ  from  (a)  the  amor¬ 
phous  GaN  buffer  layer  deposited  on  the  7-Al2C>3/Si(lll) 
substrate  at  room  temperature  and  (b)  the  annealed  GaN 
buffer  layer  at  700° C  after  the  deposition.  The  thickness  of 
the  buffer  layer  is  about  2  nm.  The  incident  electron  beam  is 
parallel  to  the  [1120]  direction. 
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growth  method  using  an  amorphous  GaN  buffer  layer  de¬ 
posited  at  room  temperature  (RT).  Fig.  2  shows  RHEED 
patterns  taken  from  (a)  the  2  nm-thick  GaN  deposited 
at  RT  and  (b)  the  GaN  layer  after  thermal  annealing  at 
700  °C.  The  sample  was  always  exposed  to  RF  plasma- 
enhanced  nitrogen  gas  irradiation  through  the  deposition 
and  annealing  processes.  It  is  noticed  that  very  weak  and 
diffraction  spots  indicated  by  arrows  are  observed  on  the 
halo  pattern  as  shown  in  Fig.  2(a).  Appearance  of  the 
diffraction  intensity  in  Fig.  1(c)  suggests  that  crystalliza¬ 
tion  of  the  amorphous  GaN  layer  partly  occurred  during 
the  deposition.  These  diffraction  spots  become  streaky 
as  raising  of  the  substrate  temperature  up  to  700  °C  in 
Fig.  2(b).  The  lattice  spacings  parallel  to  the  growing 
surface  of  Figs.  2(a)  and  2(b)  agree  with  the  one  of  GaN, 
which  are  determined  by  the  distance  between  the  diffrac¬ 
tion  rods.  It  is  found  that  the  amorphous  GaN  buffer 


Fig.  3.  RHEED  patterns  taken  in  situ  from  several  growth 
steps  of  GaN  epilayers  on  the  annealed  buffer  layer.  The 
growth  thicknesses  of  the  GaN  epilayers  are  (a)  2  nm,  (b)  10 
nm  and  (c)  40  nm,  respectively. 


layer  crystallizes  to  single  hexagonal  (h)  GaN  layer  in 
solid  phase  epitaxy  mode  by  thermal  annealing.  There¬ 
fore,  it  is  considered  that  the  lattice  mismatch  between 
7-Al203/Si(lll)  substrate  and  GaN  layer  is  relaxed  dur¬ 
ing  the  crystallization  of  the  amorphous  GaN  buffer  layer. 

Figure  3  shows  the  changes  of  RHEED  patterns  dur¬ 
ing  the  growth  of  GaN  epilayer  on  the  annealed  buffer 
layer  at  a  substrate  temperature  of  700  °C.  The  incident 
electron  beam  is  parallel  to  the  [1120] GaN  direction. 

At  the  first  stage  of  the  initial  growth  of  GaN  epilayer, 
RHEED  pattern  changes  a  spot  pattern  with  prominent 
streaks  from  some  diffraction  spots.  This  means  that  a 
faceting  islands  are  grown  on  the  surface  [28,29].  These 
diffraction  spots  become  weaker  and,  on  the  other  hand, 
two-dimensional  diffraction  streaks  appear  as  shown  in 
Fig.  3(b).  Finally,  the  sharp  and  strong  streaks  are  on¬ 
ly  observed  as  proceeding  of  the  growth  of  GaN  layer, 
as  shown  in  Fig.  3(c).  These  changes  of  the  RHEED 
pattern  mean  that  the  islanding  growth  mode  in  the  ini¬ 
tial  growth  stage  becomes  a  two-dimensional  like  growth 
mode.  This  agrees  with  an  AFM  observation  of  the  sur- 


(b) 

Fig-  4-  (a)  An  AFM  image  of  the  surface  of  the  45  nm-thick 
GaN  epilayer  on  the  7-Al203/Si(lll).  (b)  a  cross  sectional 
image  along  the  line  between  ‘A’  and  £B’  marked  in  the  Fig. 
4(a). 
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Fig.  5.  A  schematic  diagram  of  the  epitaxial  relationship 
between  the  7-Al203/Si(m)  substrate  and  the  h-GaN  epi- 
layer. 


face  morphology  of  the  growing  GaN  epilayer,  as  show¬ 
ing  in  Fig.  4(a).  It  is  found  that  there  are  many  islands 
having  flat  top  surfaces.  Fig.  4(b)  shows  the  cross  sec¬ 
tional  image  of  the  AFM  image  along  the  line  between 
the  marks  of  “A”  and  “B”  in  Fig.  4(a).  The  RMS  value 
of  the  top  surface  between  the  solid  triangles  in  Fig.  4 
is  about  0.4  nm.  This  supports  the  RHEED  pattern  of 
Fig.  3(c). 

Fig.  5  shows  a  schematic  diagram  explaining  the 
epitaxial  relationship  between  the  7-Al203/Si(lll)  sub¬ 
strate  and  GaN  epilayer.  In  Fig.  1(b)  and  Fig.  2, 
the  incident  direction  of  the  electron  beam  was  the 
same  azimuth  before  and  after  the  growth  of  GaN  epi¬ 
layer  on  the  7-Al203/Si(lll)  substrate.  Therefore, 
it  is  found  that  h-GaN(OOOl)  was  epitaxialy  grown 
on  the  7-Al203(lll)/Si(lll)  with  the  relationship  of 
[1120]GaN//[ll0]7  -ai2o3-  In  this  case,  the  lattice  mis¬ 
match  is  about  13.5  %. 

From  these  results,  it  is  considered  that  the  epitax¬ 
ial  7-AI2O3  layer  is  the  appropriate  intermediate  layer 
for  the  GaN  growth  on  Si  substrates  and  the  two-step 
growth  method  using  room-temperature-deposited  buffer 
layer  is  effective  for  the  GaN  epilayer  growth  on  the  7- 
Al203/Si(l  11)  as  well  as  for  sapphire  substrates.  Howev¬ 
er,  in  order  to  obtain  the  GaN  epilayer  with  the  atomical¬ 
ly  flat  surface,  a  further  study  on  the  growth  mechanism 
of  the  GaN  epilayer  is  necessary. 

IV.  CONCLUSIONS 

The  growth  process  of  GaN  epilayer  on  a  7- 
Al203/Si(lll)  substrate  by  two-step  growth  method  us¬ 
ing  amorphous  GaN  buffer  layer  deposited  at  room  tem¬ 
perature  has  been  investigated  by  in  situ  RHEED  and  ex 
situ  AFM  observations.  It  has  been  found  that  a  (2x2) 
reconstructed  structure  is  formed  on  the  7-Ar203/Si(lll) 
substrate  after  thermal  cleaning.  A  h-GaN  epilayer  was 
grown  on  the  7-Al203/Si(lll)  substrate  with  the  rela¬ 
tionship  of  [1120]GaN//[110]7  ~ai2o3«  The  detailed  analy¬ 
sis  of  the  mechanism  of  GaN  heteroepitaxy  is  in  progress. 
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GaN  films  were  grown  on  /?-SiC/Si  and  the  structural  and  optical  properties  of  the  GaN  were 
examined  with  XRD  and  PL  measurements.  GaN  was  grown  on  SiC  films  which  were  deposited  on 
Si  at  temperatures  of  900~1000  °C,  but  no  growth  occurred  on  SiC  films  deposited  at  temperatures 
of  500~800  °C  and  1100  °C.  The  structural  and  optical  properties  of  the  GaN  significantly  varied 
depending  on  the  growth  condition  of  SiC  on  Si.  A  deep  level  yellow  emission  was  observed  at  2.23 
eV  of  PL  spectra  for  GaN  films  grown  predominantly  along  (1010)  orientation,  while  near  band 
edge  blue  emission  at  3.4  eV  from  GaN  films  grown  along  the  c-plane.  GaN  film  grown  on  /?-SiC/Si 
substrate  at  the  best  condition  produced  a  strong  UV  emission  with  FWHM  of  152  meV  at  room 
temperature  and  suppressed  completely  the  deep  level  yellow  emission.  XRD  spectrum  for  the  GaN 
exhibited  the  growth  of  highly  oriented  wurtzite  GaN  with  FWHM  of  ~424  arcsec. 


I.  INTRODUCTION 

GaN  has  attracted  much  attention  in  last  few  years  as 
a  promising  material  for  high-power  optoelectronic  de¬ 
vices  in  the  blue-ultraviolet  wavelength  region.  However, 
the  growth  of  high  quality  GaN  epilayer  for  the  device 
applications  has  been  impeded  because  bulk  GaN  crys¬ 
tals  available  so  far  are  too  small  in  size  to  be  used  a 
substrate  [1].  At  present,  sapphire  is  the  most  commonly 
used  substrate  for  the  growth  of  GaN  epilayer  because 
of  its  merits  such  as  the  commercial  availability  with  rel¬ 
atively  low  cost,  and  excellent  surface  preparation  [2]. 
However,  sapphire  has  a  very  large  lattice  mismatch  (~16 
%)  with  wurtzite  GaN,  which  inevitably  leads  to  a  forma¬ 
tion  of  a  large  defect  density  in  GaN  epilayers.  Recently, 
there  have  been  several  attempts  to  grow  high  quality 
GaN  on  various  substrates  such  as  Si,  GaAs,  GaP,  spinel 
(MgAl204),  MnO,  SiC,  etc.  [3].  Among  these  materi¬ 
als,  hexagonal  silicon  carbides  (6H  and  4H  polytypes) 
have  been  extensively  investigated  as  a  substrate  for  the 
growth  of  high  quality  GaN  epilayer  because  of  relatively 
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low  lattice  mismatch  (~3  %)  with  GaN  [4].  However,  the 
limited  availability  of  hexagonal  silicon  carbides  due  to 
their  high  cost  and  small  size  (<5  cm)  becomes  signifi¬ 
cant  obstacles  for  the  practical  use  as  substrates  for  the 
GaN  growth  [5].  Meanwhile,  some  investigators  have  at¬ 
tempted  to  use  /?-SiC  (3C-SiC  or  zinc-blende  silicon  car¬ 
bide)  as  a  substrate  for  the  growth  of  GaN  because  large 
area  /?-SiC  wafers  have  been  supplied  at  low  cost  by  the 
epitaxial  growth  on  Si  in  the  conventional  CVD  reactor 
[6,7].  The  average  lattice  constant  and  thermal  expan¬ 
sion  coefficient  for  /?-SiC  are  4.38  A  and  4.7xlO_6/K, 
respectively,  which  match  quite  well  with  those  for  GaN. 

In  this  paper,  we  have  deposited  /?-SiC  on  Si  by 
pyrolyzing  tetramethylsilane,  followed  by  the  in-situ 
growth  of  GaN  on  f3- SiC/Si  to  study  the  possible  ap¬ 
plication  of  /?-SiC  for  a  substrate  of  GaN  growth.  The 
growth  was  carried  out  under  various  conditions  and  the 
structural  and  optical  properties  of  the  grown  films  were 
characterized  with  XRD  and  PL  measurements. 

II.  EXPERIMENT 

To  employ  /?-SiC/Si  as  a  substrate  for  the  growth 
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Growth  and  Characterization  of  GaN  Thin  Films  on  /?-SiC/Si 


GaN  growing 


Time  (min) 

Fig.  1.  Growth  sequences  for  SiC  and  GaN  thin  films. 


of  GaN  films,  single  crystal  3C-SiC(lll)  was  deposit¬ 
ed  by  pyrolyzing  tetramethylsilane  (TMS,  Si(CH3)4)  in 
a  low-pressure  rapid  thermal  chemical  vapor  deposition 
(RTCVD).  The  detailed  growth  system  can  be  found  else¬ 
where  [8].  The  growth  sequences  of  SiC  and  GaN  films 
are  shown  in  Fig.  1.  Prior  to  the  growth  of  SiC  on  Si,  Si 
wafers  were  mounted  on  a  substrate  holder  after  pretreat¬ 
ed  in  acetone,  dipped  in  HF,  and  rinsed  in  DI  water.  The 
reactor  was  evacuated  to  10-4  Torr  for  30  minutes  and 
then  purged  with  hydrogen  gas  at  a  flow  rate  of  20  seem. 
The  substrate  was  heated  to  the  growth  temperature  af¬ 
ter  TMS  was  supplied  to  the  reactor.  When  the  growth 
was  completed,  TMS  flow  was  first  stopped  and  then  the 
temperature  of  the  reactor  was  cooled  down  to  about  200 
°C  under  the  flow  of  hydrogen  gas.  The  SiC  growth  was 
carried  out  as  functions  of  substrate  temperature,  TMS 
flow  rate,  H2  flow  rate,  and  gas  pressure.  The  TMS  and 
trimethylgallium  (TMGa,  (CH3)3Ga)  reservoirs  were  im¬ 
mersed  in  icy  water  baths.  In-sit u  growth  of  GaN  films 
were  performed  on  /?- SiC  films  in  the  same  growth  system 
using  TMGa  and  ammonia  (NH3)  for  Ga  and  N  sources, 
respectively.  GaN  was  grown  for  60  min  with  TMGa  flow 
rates  of  16  and  24  /zmol/min  at  1050  °C,  2000  seem  NH3, 
and  500  seem  H2,  along  with  the  growth  sequence  shown 
in  Fig.  1. 

The  crystal  structure  of  /?-SiC  and  GaN  films  grown 
under  various  conditions  was  analyzed  with  a  X-ray 
diffraction  (XRD)  using  a  CuKai.  Photoluminescence 
(PL)  was  used  to  characterize  optical  properties  of  GaN 
films.  The  PL  was  excited  with  a  325  nm  line  of  a  He-Cd 
laser  at  room  temperature  and  detected  with  a  standard 
photon  counting  electronics.  The  excitation  power  was 
30  mW.  The  surface  morphology  of  grown  films  was  ex¬ 
amined  with  an  atomic  force  microscope  (AFM).  Raman 
spectroscopy  was  also  used  to  characterize  the  structural 
property  of  the  GaN  films;  Raman  spectra  were  recorded 
in  the  near  back  scattering  configuration  with  the  inci¬ 
dent  photon  wavevector  nearly  parallel  to  the  surface  of 
the  epilayer  which  is  perpendicular  to  the  c-axis  of  the 
GaN.  In  order  to  observe  all  phonon  modes,  the  polar¬ 
ization  of  the  scattered  light  was  not  analyzed. 
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Fig.  2.  A  typical  cross-sectional  TEM  with  TED  pattern 
and  Raman  spectrum  for  /?-SiC  grown  for  30  min  at  an  opti¬ 
mum  growth  condition  of  1100  °C,  1.7  Torr,  0.3  seem  TMS, 
and  200  seem  H2. 


III.  RESULTS  AND  DISCUSSION 

1.  Growth  of  SiC  on  Si 

To  determine  the  optimum  growth  condition  of  /?- 
SiC(lll),  SiC  films  were  grown  on  Si(lll)  at  various 
temperatures  (800~1200  °C),  TMS  flow  rates  (0.3~10 
seem),  H2  flow  rates  (100~200  seem),  and  gas  pressures 
(1.7~12  Torr),  and  the  crystal  quality  of  grown  SiC  films 
were  evaluated.  The  detailed  discussion  for  the  growth  of 
high  quality  /3- SiC  on  Si  and  the  optimum  growth  con¬ 
dition  can  be  found  elsewhere  [8,9].  Figure  2  contains 
a  typical  cross  sectional  TEM  photograph  and  Raman 
spectrum  for  3C-SiC  grown  for  30  min  at  the  optimum 
growth  condition  of  1100  °C,  1.7  Torr,  0.3  seem  TMS, 
and  200  seem  H2.  TED  image  (Fig.  2(a))  manifests  that 
the  grown  films  are  oriented  along  the  (111)  plane  of  3C- 
SiC.  The  Raman  spectrum,  as  shown  in  Fig.  2(b),  ex¬ 
hibits  TO  and  LO  modes  of  /?-SiC  at  795  and  972  cm-1, 
respectively. 
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Fig.  3.  XRD  spectra  for  GaN  films  grown  on  SiC/Si  grown 
at  900  °C  in  200  seem  H2.  (a)  /?-SiC  growth  :  0.3  seem 

TMS  for  10  min,  GaN  growth  :  16  /zmol/min  TMGa,  (b) 
/?-SiC  growth  :  0.5  seem  TMS  for  20  min,  GaN  growth  :  16 
jimol/min  TMGa,  (c)  /?-SiC  growth  :  0.5  seem  TMS  for  20 
min,  GaN  growth  :  24  //mol/min  TMGa.  GaN  was  grown  for 
60  min  at  1050  °C  with  2000  seem  NH3  and  500  seem  H2. 


2.  Growth  of  GaN  on  SiC 

GaN  films  were  grown  for  60  min  at  1050  °C  and  4.2 
Torr  with  16  //mol/min  TMGa  and  200  seem  NH3  flow 
rates  on  SiC  films  grown  at  the  optimum  condition  men¬ 
tioned  earlier  except  growth  temperature.  To  investigate 
the  effect  of  SiC  growing  condition  on  the  GaN  growth, 
the  growth  temperature  of  SiC  films  were  varied  in  the 
range  from  500  to  1100  °C.  GaN  was  observed  to  grow 
only  on  SiC  films  which  were  grown  at  temperatures  be¬ 
tween  900  and  1000  °C;  but  no  growth  occurred  on  SiC 
films  grown  at  other  temperatures,  even  at  1100  °C.  Fig¬ 
ure  3(a)  shows  a  XRD  spectrum  for  the  GaN  film  grown 
on  SiC  that  was  grown  at  900  °C.  We  observe  the  most 
intense  peak  at  a  powder  diffraction  value  of  20=32.4° 
corresponding  to  (1010)  GaN  and  other  two  weak  peaks 
at  20=34.4°  and  36.7°  corresponding  to  the  (0002)  and 
(1011)  reflections,  respectively.  This  indicates  the  growth 
of  a  wurtzite  GaN  film  with  dominant  growth  orientation 
along  the  (1010)  plane.  Meanwhile,  PL  spectrum  mea¬ 
sured  at  room  temperature  for  the  GaN  film  (Fig.  4(a)) 
exhibits  both  yellow  and  blue  band  emissions  at  peak  en¬ 
ergies  of  2.23  and  3.38  eV,  respectively,  with  comparable 
intensities.  Similar  XRD  and  PL  spectra  were  observed 
from  GaN  film  on  SiC  grown  at  1000  °C. 

To  clarify  the  role  of  SiC  for  the  growth  of  GaN,  SiC 
films  deposited  at  the  temperatures  of  500~1 100  °C  were 
characterized  by  XRD  measurements.  As  shown  in  Fig. 
5,  XRD  spectra  display  that  amorphous  SiC  films  are 
grown  in  the  temperature  range  of  500~900  °C  and  crys¬ 
tal  3C-SiC(lll)  films  begin  to  grow  from  950  °C.  This 
result  elucidates  that  GaN  films  are  deposited  on  SiC 
grown  at  transition  temperatures  where  the  crystallini- 
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Fig.  4.  PL  spectra  measured  at  room  temperature  for  GaN 
film  on  SiC  grown  at  900  °C  in  200  seem  H2.  (a)  ft-SiC  growth 
:  0.3  seem  TMS  for  10  min,  GaN  growth  :  16  jzmol/min 
TMGa,  (b)  /?-  SiC  growth  :  0.5  seem  TMS  for  20  min,  GaN 
growth  :  16  ^mol/min  TMGa,  (c)  /?-SiC  growth  :  0.5  seem 
TMS  for  20  min,  GaN  growth  :  24  ^imol/min  TMGa.  GaN 
was  grown  for  60  min  at  1050  °C  with  2000  seem  NH3  and 
500  seem  H2. 


20 

Fig.  5.  XRD  spectra  for  SiC  films  grown  at  growth  tem¬ 
peratures  of  500~1100  °C. 


ty  of  SiC  changes  from  amorphous  phase  to  crystalline. 
We  speculate  that  the  growth  of  GaN  on  SiC  grown  at 
this  temperature  range  is  closely  related  to  the  solid  crys¬ 
tallization  time  of  amorphous  SiC  layer  during  the  GaN 
growth.  Recently,  the  growth  of  GaN  using  GaN  buffer 
layer  showed  the  amorphous  GaN  buffer  layer  deposited 
at  low  temperatures  effectively  releases  strains  existing 
at  GaN/sapphire  interface  to  grow  high  quality  GaN  film 
[10].  In  addition,  it  was  observed  in  situ  by  TEM  that 
solid  phase  crystallization  of  the  amorphous  buffer  lay- 
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ers  on  the  sapphire  substrate  occurs  during  the  growth 
of  GaN  film  [11].  GaN  growth  was  attempted  on  SiC 
formed  at  500  °C  with  an  increased  TMGa  flow  rate  of 
24  /xmol/min  to  scrutinize  whether  the  growth  of  GaN 
was  impeded  by  a  low  TMGa  flow  rate.  The  XRD  and 
PL  analyses  showed  that  no  GaN  layers  were  grown  on 
SiC  deposited  at  this  temperature.  This  indicates  that 
the  growth  of  GaN  is  significantly  influenced  by  the  prop¬ 
erty  of  the  SiC  film  rather  than  TMGa  flow  rate. 

Figure  3(b)  and  4(b)  show  XRD  and  PL  spectra  for 
GaN  film  grown  on  SiC  which  is  deposited  for  20  min  at 
an  increased  TMS  flow  rate  of  0.5  seem.  The  XRD  spec¬ 
trum  shows  that  three  peaks  appear  at  different  values  of 
20  for  the  film.  They  arise  at  20=32.4°,  34,4°,  and  36.7° 
corresponding  to  (1010),  (0002),  and  (1011),  respective¬ 
ly.  It  is  worthwhile  to  note  that  the  intensity  of  (1010) 
peak  decreases,  while  those  of  (0002)  and  (1011)  peaks 
increase  with  respect  to  Fig.  3(a).  On  the  other  hand, 
the  PL  spectrum  exhibits  a  much  stronger  UV  emission 
appeared  at  3.4  eV  in  comparison  to  the  yellow  emis¬ 
sion  at  2.24  eV  as  shown  in  Fig.  4(b).  To  examine  the 
influence  of  the  surface  morphology  of  SiC  on  the  GaN 
growth,  we  observed  surface  morphologies  of  SiC  films 
grown  for  10  min  at  0.3  seem  TMS  and  for  20  min  at  0.5 
seem,  respectively,  using  an  AFM.  Figure  6  shows  that 
there  was  no  significant  difference  in  the  roughness  of 
the  two  samples  and  the  average  surface  roughness  was 
about  50  A.  This  suggests  that  different  structural  and 
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Fig.  6.  AFM  images  for  the  surface  morphologies  of  SiC 
films  grown  (a)  for  10  min  at  0.3  seem  TMS  and  (b)  for  20 
min  at  0.5  seem  20  min,  respectively. 
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optical  properties  of  GaN  films  shown  in  Fig.  3  and  4 
are  not  stemmed  from  the  surface  roughness  of  the  SiC 
substrates,  but  more  from  the  thickness  and  crystallini¬ 
ty  of  the  SiC  layers.  To  see  the  effect  of  SiC  thickness 
on  the  GaN  growth,  SiC  films  were  deposited  on  Si  for 
10~60  min,  respectively,  and  then  GaN  was  grown  on 
them.  SiC  and  GaN  films  were  grown  at  the  same  condi¬ 
tion  given  in  Fig.  3(b)  and  4(b).  Although  not  shown  in 
this  paper,  PL  spectra  for  the  GaN  films  showed  that  the 
intensity  of  yellow  emission  with  respect  to  blue  emission 
decreases  as  the  growth  time  of  SiC  films  increases  from 
10  to  20  min,  but  grows  from  30  min  with  increasing 
the  time.  Similar  trends  for  the  intensity  of  the  (1010) 
peak  at  20=32.4°  were  observed  from  XRD  spectra  for 
the  films.  This  indicates  that  the  optical  and  structural 
properties  of  GaN  film  are  significantly  influenced  by  the 
thickness  of  SiC  films. 

GaN  films  were  grown  for  60  min  with  an  increased 
TMGa  flow  rate  of  24  /imol/min  at  1050  °C,  2000  seem 
NH3,  and  500  seem  H2.  SiC  film  used  for  the  growth 
was  grown  for  20  min  at  900  °C  with  the  TMS  flow  rate 
of  0.5  seem.  Figure  3(c)  and  4(c)  show  XRD  and  PL 
spectra  for  the  GaN  film.  The  PL  spectrum  shows  that 
the  GaN  film  produces  a  strong  band  edge  blue  emission 
(FWHM:  152  meV)  at  3.4  eV  and  completely  suppressed 
deep  level  yellow  emission  as  can  be  seen  in  Fig.  4(c). 
The  XRD  spectrum  for  the  GaN  film,  shown  in  the  in¬ 
set  of  Fig.  3(c),  exhibits  highly  oriented  wurtzite  GaN 
with  dominant  growth  orientation  along  the  c-axis.  The 
uncorrected  FWHM  of  the  (0002)  peak  is  about  0.19°  or 
684  arcsec.  FWHM  corrected  for  the  system  broadening 
was  about  424  arcsec,  which  is  comparable  to  the  value 
reported  previously  [12]. 

The  Raman  spectra  of  GaN/3C-SiC/Si  grown  in  this 
work  exhibit  phonons  of  wurtizte  GaN  crystal,  i.e.,  the 
high  frequency  E2  mode  at  568  cm”1,  A\  (TO)  and  E\ 
(TO)  modes  at  532  cm-1,  and  560  cm-1,  respective¬ 
ly,  and  unresolved  weak  E\  (LO)  and  A\  (LO)  modes 
around  739  cm-1,  in  the  near  backscattering  configura¬ 
tion  explained  earlier.  No  clear  indication  of  the  inclusion 
of  cubic  GaN  was  obtained  even  in  the  sample  showing  a 
strong  (1010)  XRD  peak,  as  can  be  seen  from  the  Raman 
spectrum  in  Fig.  7. 

Throughout  the  experiments,  we  have  observed  the 
evolution  of  a  strong  yellow  luminescence  from  GaN  films 
whose  XRD  spectra  revealed  that  the  GaN  films  domi¬ 
nantly  grew  along  the  (1010)  plane.  But  the  deep  level 
yellow  emission  was  significantly  suppressed  when  GaN 
was  grown  along  the  c-axis.  This  suggests  that  the  op¬ 
tical  properties  of  our  samples  are  greatly  influenced  by 
the  growth  direction  of  SiC  films.  When  we  consider  a 
schematic  diagram  of  the  possible  atomic  arrangements 
in  the  interface  region  between  GaN  epilayer  and  cu¬ 
bic  SiC  substrate,  it  is  common  that  the  SiC(lll)  sur¬ 
face  induces  the  growth  of  wurtzite  GaN  because  of  the 
close  match  of  structural  symmetry  of  3C-SiC(lll)  with 
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Fig.  7.  A  typical  Raman  spectrum  of  GaN  grown  on  SiC/Si. 

GaN(OOOl)  [13].  Wurtzite  GaN  and  zinc-blende  SiC  take 
the  stacking  sequences  of  ABAB....  and  ABC  ABC...., 
respectively.  Thus,  the  (0001)  axis  of  wurtzite  GaN  is  al¬ 
most  parallel  to  the  (111)  axis  of  zinc-blende  SiC.  When 
the  atoms  are  bonded  according  to  the  mode  of  ABAB  on 
the  (111)  plane  of  zinc-blende  SiC,  wurtzite  GaN  can  be 
grown  on  the  zinc-blende  SiC  substrate.  In  Fig.  3(c),  for 
example,  it  is  considered  that  the  surface  of  SiC  substrate 
might  be  reconstructed  along  (111)  direction  during  the 
GaN  growth  at  higher  temperature  so  that  wurtizte  GaN 
grow  with  dominant  growth  orientation  of  (0001)  plane. 
However,  wurtzite  GaN(lOlO)  may  predominantly  grow 
on  SiC  film  which  has  a  surface  plane  other  than  (111) 
orientation.  Since  the  (1010)  plane  of  hexagonal  GaN  is 
perpendicular  to  the  close-packed  basal  plane  of  (0001) 
GaN,  the  growth  along  (1010)  direction  in  the  wurtzite 
GaN  might  generate  high  density  of  defects  or  dangling 
bonds  at  the  boundaries  between  GaN  structures  of  dif¬ 
ferent  orientations.  This  high  defect  density  in  the  GaN 
epilayer  seems  to  be  related  with  the  yellow  lumines¬ 
cence  at  2.23  eV.  The  intensity  ratio  of  the  PL  peaks 
observed  at  2.23  eV  and  3.4  eV,  IyeUow/hiue ,  was  ex¬ 
tracted  from  Fig.  4  for  each  sample  and  depicted  as  a 
function  of  that  of  (0002)  and  (1010)  peaks  appeared  in 
XRD  spectra  of  Fig.  3,  /(ooo2)/J(ioio)>  to  correlate  the 
results  of  XRD  and  PL  spectra  quantitatively.  Figure  8 
shows  that  the  ratio  of  Iyeiiow / hiue  decreases  with  in¬ 
creasing  f(ooo2)/f(ioIo)>  indicating  that  the  yellow  emis¬ 
sion  is  greatly  suppressed  when  the  wurtzite  GaN  film 
grows  along  the  (0001)  plane.  Noguez  et  al  [14]  studied 
the  optical  properties  of  the  GaN  (1010)  surface  using 
a  tight-binding  formalism  based  on  a  sp3s*  orbital  ba¬ 
sis.  They  reported  the  wurtizte  GaN  grown  along  with 
(1010)  orientation  has  a  bandgap  of  2.7  eV,  which  part¬ 
ly  support  our  experimental  observation.  On  the  other 
hand,  it  is  not  clear  why  the  growth  of  GaN  layer  was  nett 
detectable  on  high  quality  SiC  crystal  film  grown  at  the 
optimum  growth  condition.  The  highly  crystallized  solid 
surface  usually  produces  isolated  islands  on  it  to  impede 


Fig.  8.  A  plot  of  the  intensity  ratio  of  the  PL  peaks  at  2.23 
eV  and  3.4  eV,  Iyeiiow /hiue,  as  a  function  of  that  of  (0002) 
and  (1010)  peaks  of  XRD,  7(ooo2)/I(iolo)- 

the  formation  of  thin  film,  especially  at  high  tempera¬ 
ture.  Most  of  the  researches  have  reported  the  growth 
of  GaN  on  /?- SiC  at  temperatures  under  900  °C  [13,15]. 
Hashimoto  et  al.  [13]  reported  that  no  growth  occurred 
at  800  °C  when  they  grew  GaN  on  3C-SiC(100).  We  be¬ 
lieve  that  further  experiments  are  necessary  to  clarify  the 
reason  why  no  growth  occurred  on  the  highly  crystallized 
SiC  surface. 


IV.  CONCLUSIONS 

We  have  grown  GaN  on  /?-SiC/Si  and  characterized  the 
structural  and  optical  properties  of  the  GaN.  GaN  was 
observed  to  grow  only  on  SiC  films  which  were  grown  at 
temperatures  between  900  and  1000  °C;  but  no  growth 
occurred  on  SiC  films  grown  at  other  temperatures,  even 
at  1100  °C.  When  SiC  is  deposited  for  20  min  at  0.5 
seem  TMS,  200  seem  H2,  and  900  °C,  followed  by  the 
in-situ  growth  of  GaN  for  60  min  with  24  /imol/min  at 
1050  °C,  2000  seem  NH3,  and  500  seem  H2,  highly  ori¬ 
ented  wurtzite  GaN  was  grown  along  the  (0002)  plane 
with  FWHM  of  ~424  arcsec.  A  strong  yellow  lumines¬ 
cence  was  observed  from  GaN  films  whose  XRD  spectra 
revealed  that  the  GaN  films  dominantly  grew  along  the 
(1010)  plane,  while  the  deep  level  yellow  emission  was 
significantly  suppressed  when  GaN  were  grown  along  the 
c-axis.  It  was  considered  that  the  optical  properties  of 
our  grown  GaN  films  are  influenced  by  the  growth  direc¬ 
tion  of  SiC  films. 
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Dependence  of  Optical  Property  on  the  Defects  in  Si-doped 
GaN  Grown  by  Metal  Organic  Chemical  Vapor  Deposition 
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We  investigated  dependence  of  optical  property  on  the  microstructures  and  defects  for  Si-doped 
GaN  grown  by  metal  organic  chemical  vapor  deposition  using  photoluminescence  and  x-ray  diffrac¬ 
tion  measurements.  Radiative  transitions  at  different  wavelengths  were  observed  to  be  related  to 
the  different  type  of  microstructures  which  can  be  characterized  by  x-ray  diffraction  measurements. 
Attempts  were  made  to  explain  the  relation  between  optical  property  and  microstructures. 


Wide  band  gap  compound  semiconductors  have  drawn 
much  interest  as  candidate  materials  for  high  power  elec¬ 
tronic  devices  and  short  wavelength  optical  devices  [1-6], 
In  particular,  GaN-based  optical  devices  have  been  rapid¬ 
ly  developed  during  past  few  years  [7,8].  Unlike  oth¬ 
er  compound  semiconductor  devices,  GaN-based  optical 
devices  show  relatively  high  performance  in  spite  of  enor¬ 
mous  amount  of  crystalline  disorder,  in  which  typical  val¬ 
ues  of  dislocation  density  range  from  107  to  1011  (cm-2) 
[9,10].  This  fact  has  led  many  researchers  to  investigate 
the  various  properties  of  GaN  in  conjunction  with  crys¬ 
talline  disorder  and  defects.  Since  it  was  essential  to 
realize  p-type  GaN  for  optical  devices,  which  seemed  to 
be  impossible  until  several  years  ago,  it  was  true  that  far 
more  attention  had  been  drawn  toward  realization  of  p- 
type  GaN  than  n-type  GaN  [8].  With  success  of  p-type 
doping,  it  became  possible  to  fabricate  short  wavelength 
optical  devices.  However,  to  improve  the  optical  charac¬ 
teristics,  it  was  pursued  to  improve  and  understand  the 
characteristic  of  n-type  layer  for  more  efficient  carrier  in¬ 
jection.  Therefore,  it  became  more  important  to  obtain 
the  detailed  understanding  of  the  properties  of  Si-doped 
GaN  for  better  device  performance. 

Recently,  much  work  has  been  done  on  the  optical 
and  structural  properties  of  Si-doped  GaN  [11-13].  It 
has  been  typically  observed  that  there  exists  near-band 
edge  emission  and  yellow  luminescence  in  Si-doped  n- 
type  GaN  [14-16].  Defects  induced  by  different  dopants 
in  GaN  film  have  been  studied  by  Ruvimov  et  al  [13]. 
Ponce  et  al  suggested  that  yellow  luminescence  originate 
from  extended  defects  inside  the  grains  and  at  low-angle 
grain  boundaries  [14].  And  Schubert  et  al  theoretical 
ly  showed  that  broadening  of  band  edge  emission  can  be 
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explained  by  potential  fluctuations  due  to  random  dis¬ 
tribution  of  donor  impurities  [16].  However,  not  many 
attempts  have  been  made  to  understand  the  correlation 
between  the  specific  radiative  transitions,  such  as  band 
edge  emission  or  yellow  emission,  and  structural  disorders 
including  extended  defects. 

In  this  letter,  we  report  the  correlation  between  the  ra¬ 
diative  transitions  and  direction  dependent  crystallinity 
of  Si-doped  GaN  epitaxial  films  with  different  carrier  con¬ 
centrations.  And  its  physical  meaning  will  be  discussed. 

X-ray  rocking  curve  measurements  provide  information 
about  the  orientational  coherence  of  an  epitaxial  film  so 
that  full  width  at  half  maximum  (FWHM)  of  out-of-plane 
peak  have  been  used  as  a  figure  of  merit  for  crystalline 
quality  of  epitaxial  films  [17].  Considering  that  growth 
of  GaN  on  sapphire  substrate  involves  huge  mismatch  of 
lattice  constants  and  thermal  expansion  coefficients,  it 
is  generally  believed  that  epitaxial  GaN  seems  to  grow 
in  columnar  forms  with  many  extended  defects  propa¬ 
gating  along  film  growth  direction  [18,19].  In  particular, 
for  GaN  epitaxial  films,  it  was  reported  that  pure  edge 
type  dislocations  are  dominant  and  (0002)  Bragg  peak  is 
insensitive  to  that  type  of  extended  defects  [9,20].  There¬ 
fore,  the  rocking  curve  measurement  of  out-of-plane  peak 
is  insensitive  to  rotational  mosaic  spreading  in  azimuthal 
angle  and  does  not  necessarily  provide  accurate  assess¬ 
ment  of  crystalline  disorder  in  general  [21,22].  On  the 
other  hand,  since  (1012)  rocking  scan  of  <j>  angle  reflects 
in-plane  direction  mosaic  spreading,  it  is  more  appro¬ 
priate  for  evaluating  crystalline  quality  of  GaN  epitaxial 
films. 

Si-doped  hexagonal  (wurtzite)  GaN  epitaxial  films 
were  grown  on  sapphire  (0001)  substrate  by  metal  organ¬ 
ic  chemical  vapor  deposition  (MOCVD).  Substrates  were 
degreased  with  trichloroethylene,  acetone  and  methanol. 
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Table  1.  A  list  of  Si-doped  samples  with  different  carrier 
concentrations,  n,  and  corresponding  mobility,  fi,  by  control¬ 
ling  silane  (SiHU)  flow  rate. 


Samples 

hush 

\i  (cm2/V*s) 

SI 

2.00X101' 

417 

S2 

2.73xl017 

284 

S3 

2.55xl017 

262 

S4 

3.45xl017 

228 

S5 

2.40xl018 

206 

S6 

5.22X1018 

196 

S7 

5.50xl018 

192 

S8 

6.00X1018 

142 

Then,  the  cleansed  substrates  were  etched  in  3:1  mix¬ 
ture  of  H2S04  and  H3PO4.  Upon  etching,  the  substrates 
were  rinsed  with  deionized  water.  The  substrates  load¬ 
ed  in  MOCVD  reactor  were  preheated  at  1100  °C  for 
10  minutes  in  H2  atmosphere  prior  to  growth.  Low  tem¬ 
perature  GaN  buffer  layer  was  then  grown  at  550  °C  and 
2  fim  of  Si-doped  GaN  layers  were  grown.  Different  car¬ 
rier  concentrations  ranging  from  2.00xl017to6.00xl0ls 
were  obtained  by  controlling  silane  (SiH4)  flow  rate.  Car¬ 
rier  concentrations  and  mobilities  of  these  samples  were 
measured  using  Van  der  Pauw  method  and  are  listed  in 
Table  1.  A  He-Cd  laser  (325  nm)  was  used  as  an  excita¬ 
tion  source  for  photoluminescence  (PL)  and  the  excita¬ 
tion  power  was  maintained  constant  during  the  measure¬ 
ments.  X-ray  rocking  curve  measurements  of  (0002)  and 
(1012)  were  done  employing  a  four  circle  diffractometer 
with  a  double  axis  geometry  [23].  For  (0002)  and  (1012) 
rocking  scans,  6  and  (j>  scans  were  made,  respectively.  Cu 
Ka  1  was  used  for  diffraction  and  the  use  of  a  double  ax¬ 
is  geometry  provided  AA/A=1.3x  10~4  and  13  arcsec  of 
beam  divergence. 

In  Fig.  1,  FWHM  values  of  (0002)  and  (10l2)  rocking 
curves  for  Si-doped  GaN  films  are  plotted  as  a  function  of 
carrier  mobility.  For  FWHM  values  of  (1012) ,  there  is  a 


Fig.  1.  The  FWHM  values  of  (0002)  0  scan  and  (1012)  <f> 
scan  as  a  function  of  carrier  mobility  for  GaN: Si  epitaxial 
films. 


Energy  (eV) 


Fig.  2.  Typical  PL  spectra  of  0115  samples  measured  at 
room  temperature  and  10  K,  respectively.  3.47  eV  peak  shown 
at  10  K  PL  spectrum  is  related  to  donor  bound  excition  and 
three  Gaussian  fits  are  shown  as  dotted  lines.  Broad  yellow 
emission  centered  at  2.25  eV  is  observed  in  room  temperature 
PL  spectrum. 

maximum  around  the  mobility  of  225  (cm2/V*s),  but  the 
curve  of  (0002)  FWHM  values  does  not  show  that  feature. 
Lee  et  ai  reported  a  similar  result  on  the  trend  of  FWHM 
values  of  (1015)  peak  for  Si-doped  GaN  samples  with  a 
wider  range  of  carrier  concentrations  [24].  They,  however, 
observed  monotonic  increase  of  FWHM  of  (1015)  values 
as  a  function  of  carrier  concentration  and  explained  that 
the  Si  doping  induced  overall  defects  and  gave  rise  to 
strain  relaxation  of  GaN,  which  resulted  in  broadening 
of  FWHM  of  (1015)  [24]. 

In  Fig.  2,  room  temperature  PL  spectrum  of  the  sam¬ 
ple  with  mobility  of  192  (cm2/V  s)  is  shown  and  the  inset 
is  for  PL  spectrum  measured  at  10  K,  which  are  typically 
observed  in  our  samples  investigated.  A  peak  observed 
at  3.479±0.005  eV  in  low  temperature  spectrum  is  at¬ 
tributed  to  donor  bound  exciton  (DBE)  transition  and 
the  peak  position  is  consistent  with  previously  reported 
value  [12].  Two  more  peaks,  not  clearly  resolved  from 
DBE,  are  observed  at  3.467±0.005  eV  and  3.455±0.005 
eV.  Those  are  related  to  acceptor  bound  excitons  (ABE). 
It  is  generally  known  that  the  acceptor  binding  energies 
in  GaN  vary  considerably  depending  on  the  nature  of  ac¬ 
ceptors  involved  [25].  In  the  PL  spectrum  at  room  tem¬ 
perature,  a  dominant  peak  was  observed  at  3.415±0.005 
eV  and  the  energy  shift  from  the  peak  position  of  the 
donor  bound  exciton  at  10  K  was  64  meV.  This  amount 
of  energy  shift  is  consistent  with  the  temperature  depen¬ 
dence  of  GaN  band  gap  [12,26,27].  Therefore,  the  peak 
observed  at  3.415±0.005  eV  must  be  donor  bound  exci¬ 
ton  which  ought  to  follow  the  temperature  dependence  of 
GaN  band  gap.  Typical  yellow  emission  observed  in  Si- 
doped  GaN  samples  is  also  seen  in  our  samples  centered 
at  2.25  eV.  Yellow  emission  is  generally  believed  to  origi¬ 
nate  from  crystalline  disorder  [11,14].  In  Fig.  3,  FWHM 
of  band  edge  emission  and  the  peak  intensity  of  yellow 
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Mobility  (cm2/  Vs) 

Fig.  3.  The  FWHM’s  of  band  edge  emission  and  the  peak 
height  of  yellow  emission  are  shown  as  a  function  of  carrier 
mobility  for  GaN:Si  epitaxial  films  in  the  upper  and  lower 
panel,  respectively.  The  data  were  obtained  at  room  temper¬ 
ature  PL  measurements. 

emission  are  shown  as  a  function  of  carrier  mobility  in  the 
upper  and  lower  panel,  respectively.  Since  the  FWHM’s 
of  yellow  emission  do  not  vary  much  among  the  samples, 
the  peak  intensities  of  yellow  emission  are  proportional 
to  the  integrated  intensities  of  yellow  emission.  Note  that 
FWHM’s  of  band  edge  emission  are  almost  constant  in 
low-doped  samples. 

As  clearly  seen  in  Fig.  1  and  Fig.  3,  there  exists  a 
certain  relationship  between  PL  spectrum  and  FWHM 
values  of  Bragg  peaks.  For  a  series  of  samples  with  dif¬ 
ferent  carrier  concentrations,  the  FWHM  values  of  (0002) 
Bragg  peak  and  band  edge  emission  showed  the  same  be¬ 
havior  as  a  function  of  carrier  mobility.  In  the  meanwhile, 
the  FWHM  values  of  (1012)  Bragg  peak  exhibit  a  similar 
trend  to  the  peak  intensities  of  yellow  emission.  From 
these  results,  it  can  be  inferred  that  for  Si-doped  GaN 
the  FWHM  of  (0002)  Bragg  peak  is  more  closely  relat¬ 
ed  to  the  characteristic  of  radiative  transition  involving 
near  band  edge  states  than  that  of  off-axis  Bragg  peak 
such  as  (1012) .  And  the  FWHM  of  (0002)  Bragg  peak  is 
not  sensitive  to  the  defects  generated  by  Si  doping  over 
a  certain  range  of  the  carrier  concentration.  On  the  oth¬ 
er  hand,  the  FWHM  of  ( 1012)  Bragg  peak  can  be  used 
in  conjunction  with  yellow  emission  intensity  as  a  figure 


of  merit  for  appropriate  estimation  of  the  extent  of  crys¬ 
talline  disorder  like  extended  defects  caused  by  Si  doping. 
This  interpretation  is  also  consistent  with  the  previous 
report  that  the  band  edge  luminescence  originates  from 
the  bulk  of  the  columnar  grains  and  the  yellow  emission 
is  associated  with  the  presence  of  defects  such  as  dislo¬ 
cations  at  low-angle  grain  boundaries  [14]. 

In  summary,  Si-doped  GaN  samples  with  carrier  mo¬ 
bility  ranging  from  142  (cm2/V-s)  to  417  (cm2/V-s)  were 
investigated  using  PL  and  x-ray  diffraction.  The  FWHM 
values  of  (0002)  and  (1012)  Bragg  peaks  were  measured 
and  it  was  found  that  they  varied  in  different  manners 
as  a  function  of  mobility.  The  FWHM  values  of  (0002) 
Bragg  peak  and  band  edge  emission  showed  a  similar 
trend  as  a  function  of  carrier  mobility.  On  the  other 
hand,  the  FWHM  values  of  (1012)  Bragg  peak  exhibit 
the  same  trend  as  the  peak  intensity  of  yellow  emission. 
Therefore,  it  can  be  inferred  from  this  observation  that 
mosaic  spreadings  in  in-plane  and  out-of-plane  directions 
are  relevant  to  the  yellow  emission  associated  with  the  ex¬ 
tended  defects  and  band  edge  emission  originated  from 
columnar  grains  of  GaN,  respectively. 

We  would  like  to  thank  Dr.  Sangsig  Kim  for  useful 
discussions. 
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We  report  the  results  of  time-resolved  studies  on  InGaN/GaN  multiple  quantum  well.  The 
sample  was  grown  by  vertical  rotating  disk  metalorganic  chemical  vapor  deposition.  Time-  resolved 
photoluminescence  (PL)  measurements  were  investigated  at  various  emission-  photon  energies  and  in 
different  time  domains.  The  behavior  of  laser  excitation  intensity  dependent  PL  and  decay  profiles  of 
the  emission-photon  energy  dependence  has  revealed  that  the  main’ peak  is  due  to  the  recombination 
of  localized  excitons.  Longer  recombination  lifetime  component  which  has  the  decay  time  of  several 
hundred  ns  was  also  observed  for  the  first  time  with  a  ns  pulsed  laser.  The  properties  of  these  optical 
transitions  was  discussed. 


I.  INTRODUCTION 

Ill-nitrides  have  attracted  much  attention  recently  be¬ 
cause  of  their  potential  for  many  applications  such  as 
blue  light-emitting  diodes  (LEDs),  laser  diodes  (LDs), 
high  temperature  and  high-power  electronic  devices.  The 
demonstration  of  high-brightness  LEDs  and  LDs  with  In- 
GaN  active  region  has  established  the  Ill-nitrides  as  an 
important  material  system  for  optoelectronics  operating 
in  the  green-UV  range  [1].  But  there  remains  much  to 
be  investigated.  Better  understanding  of  optical  emission 
in  InGaN  quantum  well  is  needed  for  the  improvements 
of  optoelectronic  devices  based  on  these  materials.  In 
this  study  we  carried  out  time-resolved  measurements  at 
various  emission-photon  energies  and  in  different  time 
domains  to  study  the  mechanisms  of  optical  transitions 
in  InGaN/GaN  multiple  quantum  wells.  We  observed 
a  long  decay  component  which  has  a  lifetime  of  several 
hundred  ns  in  InGaN/GaN  multiple  quantum  wells  for 
the  first  time. 


II.  EXPERIMENT 


InGaN/GaN  multiple  quantum  well  (MQW)  sample 
used  in  this  study  was  grown  by  a  metalorganic  chemical 
vapor  deposition  (MOCVD)  system.  Prior  to  the  deposi¬ 
tion  of  the  MQW  structure  with  5QWs,  Si-doped  n-type 
GaN  (3xl018  cm-3)  of  2  ptm  thickness  was  grown  on  a 
thin  300  A  GaN  buffer  layer  on  a  (0001)  sapphire  sub¬ 
strate.  The  thickness  of  the  active  In^Gai-^N  (a?~0.18) 
well  is  estimated  to  be  about  75  A  with  the  60  A-thick 
GaN:Si  barrier. 

The  steady-state  PL  was  measured  by  using  a  cw  He- 
Cd  laser  as  an  excitation  source.  The  laser  intensity  de¬ 
pendence  was  controlled  by  using  a  set  of  UV  neutral 
density  filters.  The  sample  was  mounted  in  a  closed- 
cycle  liquid-helium  cryostat  (Janis  C-210)  for  low  tem¬ 
perature  measurements.  We  have  employed  two  kinds 
of  time-resolved  PL  (TRPL)  measurements.  The  one 
was  measured  by  time-correlated  single  photon  counting 
(TCSPC)  system.  The  excitation  source  is  a  picosecond 
dual-jet  dye  laser  (Coherent  702)  synchronously  pumped 
by  a  mode-locked  argon  ion  laser  (Coherent  Innova  200). 
The  output  beam  with  a  cavity  dumper  (Coherent  7220) 
has  about  2  ps  pulse  width  at  3.8  MHz  dumping  rate. 
The  collected  emission  was  detected  with  a  microchannel 
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plate  photomultiplier  tube  (Hamamatsu,  R2809U).  The 
TCSPC  system  gives  about  10  ps  time  resolution  through 
deconvolution  technique  [2].  For  longer  TRPL  measure¬ 
ments,  a  Q-switched  Nd:YAG  laser  (Spectron  SL803G) 
pumped  dye  laser  (Spectron  SL400  G/B)  output  (5  ns 
pulse  width)  was  used  as  an  excitation  source.  The  laser 
beam  intensity  was  reduced  by  neutral  density  filters  to 
reduce  the  high  density  excitation  effect  as  small  as  possi¬ 
ble.  The  beam  diameter  was  reduced  to  be  1  mm  by  using 
a  pin-hole.  Luminescence  spectra  were  detected  by  using 
a  photomultiplier  tube  (Hamamatsu,  R955).  The  tempo¬ 
ral  profiles  of  PL  were  monitored  by  a  500  MHz  digital 
storage  oscilloscope  (HP  54503 A).  The  instrumentation 
can  resolve  decays  down  to  about  10  ns  [3]. 

III.  RESULTS  AND  DISCUSSION 

Fig.  1  is  the  PL  spectrum  of  InGaN/GaN  quantum 
wells  measured  at  10  K  which  shows  two  emission  lines. 
The  main  PL  peak  around  3.00  eV  results  from  the  In- 
GaN  active  region  and  is  predominantly  due  to  the  re¬ 
combination  of  localized  excitons.  The  FWHM  is  about 
70  meV  which  indicates  that  the  sample  under  investi¬ 
gation  is  of  high  crystalline  quality.  The  additional  line 
around  3.48  eV  with  lower  emission  intensity  results  from 
the  optical  recombination  in  GaN  barriers.  The  inset  in 
Fig.  1  shows  the  laser  excitation  intensity  dependence  of 
PL  peak  energy.  It  is  clear  that  the  PL  peak  position  is 
shifted  toward  higher  energies  as  laser  excitation  intensi¬ 
ty  increases.  This  observation  is  expected  for  a  localized 
exciton  recombination.  In  semiconductor  alloys,  excitons 
are  localized  in  random  potential  wells  induced  by  alloy 
disorder.  At  higher  excitation  intensities  lower  energy 
states  are  more  likely  to  be  occupied  and  consequently 


Fig.  1.  PL  spectrum  of  InGaN/GaN  multiple  quantum  well 
measured  at  10  K.  The  inset  shows  the  laser  excitation  inten¬ 
sity  dependence  of  PL  peak  position. 


Fig.  2.  PL  decay  profiles  with  various  emission-photon  en¬ 
ergies  at  10  K.  As  the  emission-photon  energy  decreases  the 
decay  time  (ri  k  in  Fig.  3(a))  becomes  slower  and  the 
background  component  (r$  in  Fig.  3(b))  increases.  The  inset 
shows  the  PL  decay  profiles  with  various  emission-photon  en¬ 
ergies  measured  by  ns  pulsed  laser.  It  was  measured  that  the 
background  component  has  the  decay  time  of  several  hundred 
ns. 

more  excitons  have  to  fill  in  higher  energy  states  which 
causes  the  shift  of  emission  peak  toward  higher  energies 
like  state  filling  effect  by  the  photo-injected  electron-hole 
pairs  [4-6]. 

In  order  to  understand  the  nature  of  PL  spectrum  in 
InGaN/GaN  MQW,  we  have  employed  the  TRPL  mea¬ 
surements  using  TCSPC  system  to  study  its  dynamic  be¬ 
havior.  The  PL  temporal  responses  at  various  emission- 
photon  energies  are  shown  in  Fig.  2.  As  the  emission- 
photon  energy  increases,  the  PL  decay  becomes  faster. 
The  PL  decay  profiles  was  well  described  by  a  two- 
exponential  function  which  is  composed  of  fast  (ri)  and 
slow  (7*2)  decay  component.  And  we  can  see  from  this 
figure  that  the  background  component  (r3)  increases  as 
the  emission-photon  energy  decreases.  This  phenomenon 
means  that  there  exists  a  much  slower  recombination 
decay  component  of  which  the  lifetime  increases  as  the 
emission-photon  energy  decreases.  The  main  PL  peak 
can  be  clearly  resolved  from  the  results  of  PL  decay  pro¬ 
files.  We  can  consider  that  the  PL  peak  from  InGaN 
active  well  consists  of  three  different  peaks  of  the  first 
(ri),  the  second  (r2)  and  the  third  (r3)  PL  emission.  The 
first  PL  emission  corresponds  to  the  main  peak  3.00  eV, 
and  the  second  and  third  PL  emissions  are  located  lower 
than  main  peak  in  energy.  For  the  decay  measurement  of 
a  much  slower  recombination  component,  ns  pulsed  laser 
was  used.  The  PL  decay  profiles  of  background  compo¬ 
nent  or  third  PL  emission  which  has  much  slower  recom¬ 
bination  lifetime  were  shown  in  the  inset  of  Fig.  2.  The 
PL  temporal  responses  become  faster  as  the  emission- 
photon  energy  increases.  The  decay  time  is  in  the  range 
of  several  hundred  ns.  And  we  observed  that  the  ampli- 
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Photon  energy  (eV) 

Fig.  3.  The  emission-photon  energy  dependence  of  PL  de¬ 
cay  times. 

tude  of  faster  decay  component  becomes  larger  for  the 
higher  emission-photon  energy.  These  facts  indicate  that 
the  faster  component  represents  the  decays  of  the  first 
and  second  PL  emission. 

As  a  result  we  plot  the  recombination  lifetimes  r\ ,  r 2 
and  73  of  the  PL  emission  from  InGaN  active  well  as  a 
function  of  emission-photon  energy  in  Figs.  3(a)  and  (b). 
Across  the  entire  fitting  of  decay  profiles  in  Fig.  2,  the 
amplitude  of  the  decay  component  of  the  first  PL  emis¬ 
sion  is  always  greater  than  that  of  the  second  PL.  The 
decay  time  n  of  the  first  PL  emission  is  almost  constant 
in  the  energy  range  from  2.75  to  3.00  eV,  and  decreases 
from  300  to  150  ps  as  the  emission-photon  energy  in¬ 
creases  from  3.00  to  3.13  eV  as  shown  in  Fig.  3(a).  From 
this  experimental  results  we  interpreted  that  the  first  PL 
emission  was  due  to  localized  excitons.  Localized  exci- 
tons  can  transfer  from  higher  energy  sites  to  lower  ener¬ 
gy  sites  through  a  relaxation  whose  rate  increases  with 
the  increase  of  emission  energy  in  semiconductor  alloys. 
The  decay  rate  of  localized  excitons  is  expressed  by  radia¬ 
tive  recombination  decay  rate  plus  relaxation  rate  to  the 
lower-lying  energy  states.  Thus  the  decay  time  decreas¬ 
es  with  the  increase  of  emission-photon  energy.  There 
is  second  PL  emission  component  r 2  which  has  a  recom¬ 
bination  lifetime  ranging  from  1  to  2.3  ns  in  Fig.  3(a). 
As  the  emission-photon  energy  increases  the  decay  rate 
of  the  second  PL  decreases.  This  component  may  be  an 
impurity  related  peak.  This  dependence  on  emission  en¬ 


ergy  suggests  that  the  energy  level  of  impurity  involved 
in  this  transition  may  have  a  distribution  together  with 
alloy  disorder  in  InGaN  quantum  wells.  The  overlap  of 
much  slower  background  component  and  weak  amplitude 
of  the  second  PL  decay  in  temporal  response  makes  it 
difficult  to  analyze  this  recombination  component  at  this 
stage. 

In  Fig.  3(b)  we  have  plotted  the  emission-photon 
energy  dependence  of  the  third  PL  emission  or  the 
background  component  showing  that  the  lifetime  is  of 
the  order  of  hundred  ns.  The  decay  time  decreases 
monotonously  as  the  emission-photon  energy  increases. 
This  slower  decay  component  is  suggested  as  due  to  the 
band-to-impurity  transitions.  The  impurity  may  be  re¬ 
lated  to  the  Si  donor  which  exists  in  GaN  barrier  layer 
together  with  alloy  disorder  or  the  interface  roughness. 
The  properties  of  the  band-to-impurity  transition  have 
been  observed  previously  in  GaN  epilayer  [7]  and  p-type 
GaN  [8].  These  results  in  emission-photon  energy  de¬ 
pendence  of  recombination  lifetime  73  indicate  that  the 
binding  energy  of  impurity  involved  in  this  transition  has 
a  distribution.  It  was  shown  that  the  radiative  recombi¬ 
nation  lifetime  of  a  band-to-impurity  transition  depends 
on  impurity  binding  energy  Ed  [7].  It  is  described  by 
r  oc  E y2  oc  (Eg  —  hi/)3/2,  with  emission-photon  ener¬ 
gy,  hv.  Experimentally  observed  emission-photon  energy 
dependence  of  the  decay  time  73  can  be  described  by 
r  =  A(Eq  -• Eft 2,  (E  <  Eq)  where  A  is  constant  and 
E  is  emission-photon  energy.  The  fitted  value  Eq  of  3.06 
eV  is  in  agreement  with  the  bandgap  energy  Eg  of  3.04 
eV.  In  addition,  based  on  a  theoretical  model  [9],  the 
asymptotic  decay  of  the  band-to-impurity  transition  at 
longer  time  follows  a  power  law,  I(t)  oc  t~a .  We  have 
plotted  PL  decay  profiles  in  double  logarithmic  scale  and 
found  that  the  decay  at  longer  time  follows  a  power  law. 
This  further  supports  the  nature  of  the  band-to-impurity 
recombination. 

IV.  SUMMARY 

Time-resolved  PL  measurements  in  InGaN /GaN  mul¬ 
tiple  quantum  well  grown  by  MOCVD  was  studied  in 
different  time  domain.  From  the  results  of  TRPL,  the 
PL  peak  from  InGaN  active  well  was  considered  as  a 
convolution  of  three  different  peaks  of  the  first,  second 
and  third  PL  emission.  The  laser  excitation  intensity  de¬ 
pendent  PL  and  the  emission-photon  energy  dependence 
of  decay  time  show  that  the  main  PL  emission  or  first 
PL  emission  in  InGaN  well  is  due  to  the  recombinations 
of  localized  excitons.  The  properties  of  emission-  photon 
energy  dependence  on  decay  time  of  the  second  and  third 
PL  emission  are  suggested  to  be  impurity  related  tran¬ 
sitions.  We  observed  for  the  first  time  that  there  is  the 
recombination  lifetime  component  which  has  the  decay 
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time  of  several  hundred  ns  in  third  PL  emission. 
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The  surface  morphology  and  absorption  edges  of  epitaxial  AlxGai_xN  layers  grown  on  (0001) 
sapphire  substrate  by  molecular  beam  epitaxy  are  investigated  with  the  change  of  AIN  mole  fractions. 
Transmission  and  photothermal  deflection  spectroscopy  determine  the  absorption  coefficient  at  room 
temperature.  Photothermal  deflection  spectroscopy  can  be  applied  to  determine  the  low  absorbance 
values.  The  uniform  depth  profile  and  linear  dependence  of  average  atomic  concentration  of  epitaxial 
AlxGai_xN  layers  on  AIN  mole  fraction  imply  that  the  epitaxial  growth  of  AlxGai_xN  layers  with 
variation  of  AIN  mole  fraction  is  well  controlled  without  the  compositional  fluctuation  in  depth  of 
the  epilayer.  It  is  observed  by  atomic  force  microscopy  that  the  surface  grain  shape  and  roughness 
of  epitaxial  AlxGai_xN  layers  change  at  a  middle  of  AIN  mole  fraction,  and  also  observed  that  the 
effective  bandgaps  increase  with  increasing  AIN  mole  fraction. 


I.  INTRODUCTION 

Wide  band  gap  III- V  nitride  systems  have  been  re¬ 
ceived  much  attention  as  promising  materials  for  op¬ 
toelectronic  device  applications  [1],  such  as  high-power 
amplifiers,  ultraviolet  (UV),  blue,  green,  and  yellow 
light-emitting  diodes  (LEDs),  and  short- wavelength  laser 
diodes  [2-4].  Observation  of  optically  pumped  stimulat¬ 
ed  emission  in  GaN  epilayers  has  led  to  increased  interest 
in  the  development  of  efficient  nitride  UV-visible  light 
emitters  [5].  In  fact,  superbright  high  efficiency  blue 
LEDs  have  been  commercialized  and  current  injection 
laser  diodes  based  on  nitride  heterostructures  have  been 
reported  [6-8].  Among  them,  the  AlGaN  alloy  system  is 
particularly  important  because  its  direct  band  gap  cov¬ 
ers  a  wide  spectral  range  from  UV  to  blue,  and  it  is  also 
suitable  for  high  power  and  high  temperature  electronic 
device  applications  [9-13].  So  far,  the  research  activities 
have  concentrated  on  the  optimization  of  structural  prop¬ 
erties.  However,  it  is  rare  to  study  the  optical  proper¬ 
ties  of  AlGaN  alloy  system  with  the  change  of  structural 
properties  of  hexagonal  AlxGai_xN  epilayers  covering 
the  wide  range  of  AIN  mole  fraction. 

The  structural  properties  of  epitaxial  AlxGa^xN  lay¬ 
ers  grown  on  (0001)  sapphire  by  molecular  beam  epi¬ 
taxy  (MBE)  with  variation  of  AIN  mole  fraction  is  char¬ 
acterized  by  various  characterization  systems.  Depth 
uniformity  and  surface  morphology  are  characterized  us¬ 
ing  Auger  electron  microscopy  (AES)  and  atomic  force 


microscopy  (AFM).  The  dependence  of  the  absorption 
edges  of  AlxGai_xN  layers  on  AIN  mole  fraction  was 
determined  from  transmission  spectra  and  photothermal 
deflection  spectroscopy  (PDS)  measurements.  By  ab¬ 
sorption  coefficient  data,  we  can  estimate  the  effective 
bandgap  of  AlxGai_xN  layers  at  room  temperature. 

II.  EXPERIMENT 

The  epitaxial  AlxGai_xN  layers  were  grown  using  a 
plasma-induced  molecular  beam  epitaxy  (PIMBE)  using 
conventional  effusion  cells  for  the  metallic  components 
and  radio  frequency  rf  plasma  atomic  radical  source  for 
the  nitrogen.  This  nitrogen  source  has  advantages  of 
high  contents  of  nitrogen  radicals  compared  with  ionic 
species,  and  low  ion-induced  damage  during  growth.  The 
inductively  coupled  plasma  power  and  pressure  in  the 
MBE  chamber  during  growth  were  400  W  and  4xl0-5 
mbar,  respectively.  The  deposition  temperature  was  var¬ 
ied  from  840  °C  to  1000  °C.  AIN  mole  fraction  of  epi¬ 
taxial  AlxGai_xN  layers  for  characterizing  the  struc¬ 
ture  and  surface  morphology  was  varied  from  0.16  to 
0.76.  The  epitaxial  AlxGai_xN  layers  were  imaged 
with  contact  mode  AFM  (SFM-BD2,  Park  Scientific  In¬ 
struments)  under  ambient  conditions  which  is  based  on 
the  optical  lever  deflection  mechanism,  and  a  pyramidal 
Si3N4  cantilever  whose  length  is  200  fim.  Auger  electron 
microscopy  (Physical  Electronics  PHI  680)  depth  profil- 
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ing  was  carried  out  to  characterize  uniformity  of  con¬ 
stituents  of  AlxGai_xN  layers,  and  variation  of  Al  and 
Ga  as  a  function  of  AIN  mole  fraction  [14]. 

Transmission  spectroscopy  and  PDS  determined  the 
relative  absorption  edges  of  AlGaN  alloys.  AIN  mole 
fraction  of  epitaxial  AlxGai_xN  layers  for  determin¬ 
ing  the  relative  absorption  edges  was  varied  from  0  to  1 
[15,16].  The  transmission  measurement  was  carried  out 
by  Perkin-Elmer  Lambda  900  double  beam  spectrometer 
with  a  resolution  of  1  nm  in  the  spectral  range  from  195 
to  2000  nm  [17,18].  PDS  was  applied  to  determine  the 
low  absorbance  values.  The  useful  features  of  the  PDS 
are  the  extremely  high  sensitivity.  Absorbance  values  of 
III-V  nitrides  as  low  as  ad=10“5  can  be  measured  by 
this  technique. 

III.  RESULTS  AND  DISCUSSION 

AES  depth  profiles  of  Alo.29Gao.71N  as  a  function  of 
sputter  time  are  shown  in  Fig.  1.  Solid,  dashed,  and 
dotted  lines  represent  the  peak  of  Al,  Ga,  and  N,  respec¬ 
tively.  The  atomic  concentrations  of  all  the  constituents 
of  the  epitaxial  AlxGai_xN  layers  show  a  linear  depen¬ 
dence  on  the  sputter  time,  which  explains  that  all  the 
constituents  of  epilayer  have  good  uniformity  through¬ 
out  the  sputter  time  until  the  lines  reach  the  interface 
between  AlxGai-_xN  layers  and  sapphire  substrate.  The 
concentration  of  carbon  and  oxygen  as  impurities  in  the 
epilayer  is  negligible  in  the  given  sputter  time  range. 
The  abrupt  increase  in  oxygen  peak  at  the  interface  is 
attributed  to  oxygen  constituent  of  sapphire  (a-A^Os) 
substrate.  All  the  AlxGai_xN  samples  studied  in  this 
work  show  a  good  AES  depth  profile  uniformity  of  all  the 
constituents  throughout  the  sputter  time.  The  uniform 
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Fig.  1.  AES  depth  profile  of  Alo.29Gao.71  N  as  a  function  of 
sputter  time. 
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Fig.  2.  Atomic  concentrations  of  Al,  Ga,  and  N  in 
AlxGai_xN  epilayers  as  a  function  of  AIN  mole  fraction. 

depth  profile  implies  that  there  is  not  the  compositional 
fluctuation  of  constituents  in  AlGaN  epilayer. 

The  atomic  concentration  of  Al,  Ga,  and  N  in  the 
AlxGai_xN  epilayer  as  a  function  of  AIN  mole  fraction 
is  shown  in  Fig.  2.  The  atomic  concentration  of  N  re¬ 
mains  nearly  the  same  amount  with  variation  of  AIN  mole 
fraction  within  10  %  error  range  of  AES.  Both  Al  and  Ga 
atomic  concentrations  show  good  linearity.  The  linear 
dependence  of  atomic  concentration  of  constituents  on 
AIN  mole  fraction  and  uniform  depth  profile  as  shown  in 
Fig.  2  support  that  the  composition  of  AlGaN  epilayer  is 
well  controlled  without  compositional  fluctuation  of  any 
constituents  during  the  growth  of  AlxGai_xN  epilayers. 

Atomic  force  microscopy  characterization  is  performed 
to  investigate  the  surface  of  AlxGai_xN  epilayers  with 
higher  lateral  resolution  below  1  fim.  With  increasing 
AIN  mole  fraction  up  to  0.29,  the  grain  shape  changes 
from  roundish  to  coalesced  one  and  the  grain  size  of  Al¬ 
GaN  becomes  larger.  While,  at  higher  AIN  mole  fraction 
with  increasing  AIN  mole  fraction  from  0.29  to  0.76,  the 
grain  shape  changes  more  faceted  and  rougher  one.  The 
surface  morphology  of  AlxGai_xN  layers  consists  of  ho¬ 
mogeneous  grains  at  low  AIN  mole  fraction.  The  vari¬ 
ation  of  surface  roughness  can  be  analyzed  by  the  root 
mean  square  (RMS)  and  average  roughness. 

The  RMS  and  average  roughness  of  the  surface  of 
AlxGai_xN  layers  obtained  from  AFM  images  are 
shown  as  a  function  of  AIN  mole  fraction  in  Fig.  3. 
The  RMS  and  average  roughness  of  the  AlGaN  epilay¬ 
ers  increase  with  increasing  AIN  mole  fraction  up  to  0.6. 
On  the  other  hand,  the  RMS  and  average  roughness  of 
the  Alo.76Gao.24N  are  smaller  than  those  of  Alo.6Gao.4N. 
It  seems  that  the  trend  is  caused  from  the  grain  shape 
of  the  AlGaN  epilayers.  The  grain  shape  of  the  AlGaN 
epilayer  changes  from  homogeneous  roundish  to  faceted 
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Fig.  3.  RMS  and  average  roughness  estimated  by  AFM  im¬ 
ages  as  a  function  of  AIN  mole  fraction. 


grain  as  increasing  AIN  mole  fraction  up  to  0.6  and  then 
at  Alo.76Gao.24N  the  grain  shape  becomes  more  homo¬ 
geneous  than  that  of  Alo.6Gao.4N.  From  the  observation 
of  change  in  grain  shape  and  the  analysis  of  roughness, 
there  would  be  the  transition  point  of  the  change  of  grain 
shape  at  a  middle  of  AIN  mole  fraction. 

The  absorption  coefficient  of  AlGaN  alloys  is  obtained 
from  transmission  and  PDS  measurements.  The  absorp¬ 


Fig.  4.  Effective  bandgaps  for  various  AIN  mole  fractions. 
Solid  circles  and  dotted  line  represent  the  effective  bandgaps 
of  AlxGai_xN  layers  as  a  function  of  AIN  mole  fraction  and 
the  determined  bowing  parameter,  respectively.  Inset  shows 
that  absorption  coefficients  of  epitaxial  AlxGai_xN  layers 
were  measured  by  transmission  and  PDS  at  room  tempera¬ 
ture.  AIN  mole  fraction  was  varied  from  0  to  1. 


tion  coefficients  of  epitaxial  AlxGai_xN  layers  as  a  func¬ 
tion  of  photon  energy  for  various  AIN  mole  fractions  are 
shown  in  the  inset  of  Fig.  4.  AIN  mole  fraction  is  varied 
from  0  toward  0.2,  0.5,  0.86,  and  1,  respectively.  With 
increasing  AIN  mole  fraction,  dependence  of  absorption 
coefficient  of  AlxGai_xN  as  a  function  of  photon  energy 
shifts  to  higher  energy.  With  these  absorption  coefficient 
data,  the  effective  bandgap  of  the  AlGaN  alloys  is  de¬ 
duced.  The  effective  bandgap  of  the  AlGaN  alloys  was 
determined  by  comparison  of  the  photon  energies  E4.8  at 
which  c*AiGaN=104  8  cm”1-  The  physical  justification  for 
this  definition  is  given  by  the  determining  the  bandgap 
of  GaN,  showing  that  E4.8  lies  at  the  bandgap  of  GaN, 
3.4  eV.  In  Fig.  4,  the  effective  bandgaps  of  AlxGai_xN 
layers  as  a  function  of  AIN  mole  fraction  are  shown.  The 
effective  bandgaps  of  AlGaN  alloys  for  the  AIN  mole  frac¬ 
tions  of  0,  0.2,  0.5,  0.86  and  1  are  3.42,  3.89,  4.43,  5.5 
and  6.13  eV,  respectively.  From  the  energy  position  of 
the  absorption  edge  versus  AIN  mole  fraction,  a  bowing 
parameter  of  1.3  eV  can  be  determined. 

As  can  be  seen  in  Fig.  4,  the  effective  bandgaps  in¬ 
crease  with  increasing  AIN  mole  fraction.  But  the  sur¬ 
face  and  structural  properties  are  changed  with  increas¬ 
ing  AIN  mole  fraction.  There  is  a  transition  point  in  the 
change  of  grain  shape  in  the  middle  AIN  mole  fraction 
region.  With  the  results  of  the  absorption  properties  and 
structural  change  in  epitaxial  AlGaN  layer,  it  is  conclud¬ 
ed  that  the  effective  bandgaps  of  AlGaN  is  increased  with 
increasing  AIN  mole  fraction  and  the  RMS  and  average 
roughness  of  the  surface  of  epitaxial  AlxGai^xN  layers 
are  changed  in  the  middle  AIN  mole  fraction. 


IV.  SUMMARY 

The  absorption  edges  and  structural  properties  of  epi¬ 
taxial  AlxGai_xN  layers  have  been  investigated.  With 
increasing  AIN  mole  fraction,  it  is  observed  that  the 
surface  grain  shape  of  the  epitaxial  layers  changes  from 
roundish  to  coalesced  one.  There  is  a  transition  point  of 
the  change  of  grain  shape  at  a  middle  AIN  mole  fraction, 
which  corresponds  to  a  peak  value  of  RMS  roughness. 
The  highly  sensitive  PDS  measurements  allow  us  to  de¬ 
termine  the  absorption  coefficients  explicitly  for  the  Al¬ 
GaN  alloy  samples  within  the  wide  compositional  range 
of  AlGaN  alloy.  The  absorption  coefficient  of  epitaxial 
AlxGai_xN  layers  as  a  function  of  photon  energy  shifts 
towards  higher  photon  energies  with  increasing  the  AIN 
mole  fraction.  The  effective  bandgap  of  the  AlGaN  al¬ 
loys  was  deduced  from  the  absorption  coefficient  that  the 
photon  energy  lies  at  E4,8.  We  found  that  the  effective 
bandgaps  of  AlGaN  alloys  were  varied  from  3.42  to  6.13 
eV.  From  the  absorption  properties  and  structural  inves¬ 
tigations.  The  absorption  properties  are  deduced  and  the 
change  of  structural  properties  of  epitaxial  AlxGai_xN 
layers  are  observed. 
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Polycrystalline  GaN  on  the  nitrided  indium  tin  oxide  (ITO) /glass  substrates  with  nitrogen  plas¬ 
ma  was  grown  by  radio  frequency  plasma  enhanced  chemical  vapor  deposition  (PECVD).  X-ray 
photoelectron  spectroscopy  (XPS)  study  revealed  that  the  nitridation  of  ITO  surface  proceeded 
with  higher  temperature,  longer  time,  and  higher  flow  rate  of  N2  gas.  X-ray  diffraction  (XRD) 
measurements  showed  that  the  crystallinity  of  GaN  on  nitrided  ITO/glass  was  improved  comparing 
to  that  on  ITO/glass  without  the  nitridation,  and  the  preferred  orientations  of  (1010)  and  (1011) 
planes  of  GaN  were  controllable  with  the  nitridation  conditions. 


I.  INTRODUCTION  II.  EXPERIMENTAL  DETAILS 


Polycrystalline  GaN  is  promising  for  the  applications 
to  large  area  display  panel  devices  [1].  Our  group 
has  intensively  studied  on  the  growth  of  polycrystalline 
GaN  on  various  substrates  [2].  The  indium  tin  oxide 
(ITO)/silicate  glass  substrate  has  been  considered  as  one 
of  the  most  attractive  substrates,  since  many  display 
panel  devices  need  transparent  electrodes  on  inexpensive 
large  area  transparent  substrates.  However,  due  to  the 
low  strain  point  of  silicate  glass  (600  °C~670  °C),  the 
growth  of  GaN  on  ITO/glass  should  be  performed  below 
600  °C,  where  generally  the  crystallinity  of  GaN  tends  to 
be  worse  compared  to  that  of  GaN  grown  at  the  higher 
temperatures  ( e.g .,  800  °C). 

For  the  epitaxial  growth  of  GaN  layer  on  the  sapphire 
substrates,  pretreatment  such  as  introduction  of  buffer 
layer  or  nitridation  of  the  sapphire  substrate  surface  prior 
to  the  growth  has  been  reported  to  be  very  important  to 
improve  the  structural,  optical,  and  electrical  properties 
of  the  grown  GaN  films  [3-5].  From  this  point  of  view, 
in  this  work,  attempts  have  been  made  for  the  control  of 
crystal  orientation  in  polycrystalline  GaN  on  ITO/glass 
substrates  by  nitridation  of  the  ITO  surface  prior  to  the 
growth  of  GaN. 

We  report  that  the  crystallinity  of  polycrystalline  GaN 
on  ITO/glass  substrates  grown  by  radio  frequency  (RF) 
plasma  enhanced  chemical  vapor  deposition  (PECVD)  at 
600  °C  is  improved  and  the  crystal  orientations  can  be 
controlled  by  the  nitridation  of  the  ITO  surface. 


The  substrate  used  in  the  experiment  was  ITO/glass 
(Corning  1737)  with  the  dimension  of  15x15  mm2  and 
the  ITO  film  thickness  about  1400  A.  The  substrates  were 
cleaned  in  organic  solvents  using  a  conventional  process 
before  introduction  to  the  growth  chamber.  Surface  ni¬ 
tridation  was  performed  by  the  inductively  coupled  plas¬ 
ma  of  N2  generated  at  13.56  MHz  at  200  °C,  300  °C, 
and  400  °C  with  different  nitridation  time  in  the  growth 
chamber.  The  nitridation  was  followed  by  the  growth  of 
polycrystalline  GaN  using  RF  PECVD.  Triethlygallium 
(TEGa)  with  N2  carrier  gas  was  introduced  close  to  the 
substrate.  The  N2  gas  plasma  was  utilized  for  the  ni¬ 
trogen  source.  The  typical  sample  structure  consisted  of 
the  buffer  layer  and  the  main  layer.  The  buffer  GaN  layer 
was  grown  at  400  °C  with  its  thickness  about  250  A.  The 
growth  of  buffer  layer  has  been  found  to  be  effective  to 
improve  the  crystallinity  of  the  main  layer  [2].  Growth  of 
the  main  layer  was  performed  at  the  growth  temperature 
of  600  °C  which  was  sufficiently  lower  than  the  strain 


Table  1.  Summary  of  nitridation  and  growth  conditions. 


Nitridation 

Buffer  layer 

Main  layer 

n2 

40,  80 

40 

40 

RF  plasma  (W) 

200 

200 

200 

TEGa  (/zmol/min) 

- 

0.43 

0.43 

Substrate  temp.  (°C)  200,  300,  400 

400 

600 

Gas  pressure  (mTorr) 

130 

170 

170 

-S382- 


-S383- 


E  volution  of  Crystalline  Orientations  of  Polycrystalline  GaN  on 

point  (667  °C)  of  the  glass  substrate.  The  thickness  of 
the  main  layer  was  about  1.5  fim.  The  nitridation  and 
growth  conditions  are  summarized  in  Table  1. 

X-ray  photoelectron  spectroscopy  (XPS)  measure¬ 
ments  were  carried  out  to  examine  the  occurrence  and 
proceeding  of  nitridation  of  the  ITO  surface.  The  struc¬ 
tural  characterization  of  polycrystalline  GaN  was  done 
by  X-ray  diffraction  (XRD)  measurements. 

III.  RESULTS  AND  DISCUSSIONS 

1.  Nitrided  Substrate  Composition  Analysis 

Figure  1  shows  XPS  spectrum  peaks  of  nitrogen  on  the 
nitrided  ITO  surface  at  the  different  nitridation  tempera¬ 
tures  and  time.  The  nitridation  conditions  were  40  seem 
of  N2  gas  flow  rate,  200  W  of  RF  power  at  200  °C,  300 
°C,  and  400  °C.  Reference  binding  energy  of  indium  3d 
photoemission  (445  eV)  was  utilized.  The  intensities  of 
nitrogen  Is  core-level  photoemission  (399  eV)  were  nor¬ 
malized  by  those  of  indium.  No  XPS  spectrum  peak  of 
nitrogen  is  seen  for  the  sample  with  no  nitridation.  By 
the  way,  the  nitrogen  peak  intensities  are  increased  with 
the  increase  of  temperatures  at  all  the  three  nitridation 
time  as  shown  in  Figs.  1(a)  (10  min),  (b)  (30  min),  and 
(c)  (60  min).  As  a  result,  the  nitridation  is  significantly 
effected  by  the  nitridation  temperature,  i.e.,  the  higher 
temperature  effectively  enhances  the  nitridation. 

Figure  2  exhibits  XPS  spectrum  peaks  of  nitrogen  and 
oxygen  on  the  ITO  surface  nitrided  under  the  N2  gas  flow 
rates  of  (a)  40  seem  and  (b)  80  seem  at  400  °C  with  in¬ 
creasing  the  nitridation  time.  The  intensities  of  oxygen 
Is  core-level  photoemission  (531  eV)  were  also  normal¬ 
ized  by  those  of  indium.  Both  of  Figs.  2(a)  and  (b)  show 
that  nitrogen  peak  intensity  increases  with  time  while 
that  of  oxygen  decreases.  Those  results  imply  that  the 
nitridation  proceeds  with  time.  For  the  N2  gas  flow  rate, 
there  seems  no  big  difference  between  the  results  of  (a) 

40  seem  and  (b)  80  seem.  However,  the  careful  investi- 
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Fig.  2.  XPS  intensities  of  nitrogen  and  oxygen  of  Is 
core-level  photoemissions  of  ITO  surface  nitrided  under  (a) 
40  seem  and  (b)  80  seem  nitrogen  flow  rates  at  200  °C,  300 
°C,  and  400  °C. 

gations  of  peak  signal  intensities,  including  the  data  for 
other  nitridation  conditions,  have  revealed  the  tenden¬ 
cy  that  the  more  nitridation  is  proceeded  under  80  seem 


(a) 


fl 

3 

£ 

CQ 


a 

a> 


Nb  40  seem,  lOmin 

y-V  40013 

(b) 

2 

1 

1 

v— ' 

£ 

a 

Njj  40  seem,  30min 

/V  400 1: 

(c) 

'v* 

d 

d 

■e 

w 

£ 

§ 

NIv  40  seem,  60min 

yv.  400<c 

.  3oor. 

,  _ _ /  ^ - 

^ _  3001; 

2001: 

300<c 

2oot: 

. . . . 

200'C 

No  nitridation 

4# 

** 

0 

d 

No  nitridation 

No  nitridation 

_ 1 _ 1 - 

1  1 

_ 1 - 1 - 

_ I _ 1 _ |  1 - 1 - 1 _ I  l _ l - 1 - 1 

390  400  410  390  400  410  390  400  410 


Binding  energy  (eV)  Binding  energy  (eV)  Binding  energy  (eV) 

Fig.  1.  XPS  intensities  of  nitrogen  Is  core-level  photoemission  of  ITO  surface  nitrided  during  (a)  10  min,  (b)  30  min,  and 
(c)  60  min  nitridation  time  at  400  °C. 
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than  40  seem.  For  example,  the  nitrogen  peak  intensity 
of  the  sample  (60  min)  in  Fig.  2(b)  is  rather  close  to 
that  of  the  sample  (120  min)  in  Fig.  2(a).  Further,  with 
the  nitridation,  oxygen  desorption  occurs  and  tends  to 
be  enhanced  with  the  increase  of  nitridation  time.  Con¬ 
sidering  the  results  in  Fig.  2,  showing  the  increase  of 
nitrogen  with  the  decrease  of  oxygen,  it  is  suggested  as 
a  plausible  model  that  oxygen  sites  of  the  ITO  film  are 
substituted  with  nitrogen  atoms,  although  some  nitrogen 
atoms  may  be  at  interstitial  sites. 

2.  Structural  Characterization  by  XRD  Measure¬ 
ments 

First,  XRD  measurements  were  carried  out  to  investi¬ 
gate  the  orientation  change  of  the  ITO  surface  with  re¬ 
spect  to  the  XPS  results.  However,  the  results  indicated 
no  orientations  of  it  and  no  difference  between  before  and 
after  the  nitridation  in  the  experimental  range.  This  is 
because  the  nitrided  layer  formed  on  ITO  is  so  thin  (esti¬ 
mated  to  be  less  than  a  hundred  A)  that  any  change  of  its 
orientations,  even  if  it  occurs,  cannot  be  detected  by  the 
XRD  measurements.  Therefore  we  cannot  deny  a  possi¬ 
bility  of  the  orientation  change  of  ITO  surface  which  may 
influence  on  the  orientations  of  GaN  grown  on  it.  The 
discussions  will  be  given  later. 

Then,  we  investigated  how  the  nitrided  ITO  surface 
made  effects  on  the  orientation  of  the  polycrystalline 
GaN  thin  films.  Figure  3  shows  the  results  of  XRD  mea¬ 
surements  of  GaN  on  the  ITO/glass  substrate  nitrided 
under  the  different  conditions,  i.e.,  (a)  40  seem  and  (b) 
80  seem  of  nitrogen  flow  rates,  200  W  of  RF  power  and  at 
400  °C  of  nitridation  temperature.  The  sample  without 
nitridation  (0  min)  which  consists  of  the  low  temperature 


Journal  of  the  Korean  Physical  Society,  Vol.  34,  June  1999 

buffer  layer  and  the  main  GaN  layer  is  weakly-oriented 
along  (lOlO)  and  (1011)  planes.  In  the  Figs.  3(a)  and 
(b),  note  that  the  intensity  of  XRD  peaks  becomes  larger 
by  the  nitridation,  which  means  that  the  crystallinity  of 
GaN  is  improved. 

Figure  3(a)  clearly  demonstrates  that  two  peaks 
change  with  increasing  the  nitridation  time.  After  the 
10  minutes  nitridation,  the  (1010)  peak  becomes  larg¬ 
er  drastically,  while  the  (1011)  peak  does  not  change. 
With  longer  the  nitridation  time,  the  intensity  ratio, 
(1010)/(10ll),  becomes  smaller  slowly,  z.e.,  the  (1010) 
peak  becomes  smaller  and  the  ( lOll)  peak  larger.  For 
the  sample  nitrided  during  120  minutes,  the  (1011)  peak 
becomes  the  largest  and  dominant. 

Figure  3(b)  indicates  the  results  of  XRD  measurements 
of  GaN,  where  the  ITO  surface  was  nitrided  under  80  se¬ 
em.  The  variation  of  patterns  of  the  two  XRD  peaks  is 
similar  with  that  of  Fig.  3(a).  By  10  minutes,  the  peak 
from  the  (1010)  planes  becomes  large.  As  time  increas¬ 
es,  it  becomes  smaller  while  the  (1011)  peak  gets  larger. 
Finally,  the  (1011)  peak  becomes  large  drastically  and 
dominant  at  60  minutes  nitridation.  The  XRD  pattern 
of  60  minutes  in  Fig.  3(b)  is  quite  similar  to  that  of  120 
minutes  in  Fig.  3(a).  That  is,  the  orientations  of  GaN  on 
ITO  nitrided  under  40  seem  with  120  minutes  are  sim¬ 
ilar  with  those  on  ITO  nitrided  under  80  seem  with  60 
minutes. 

Here  it  is  worth  noting  that  the  optical  properties  of 
polycrystalline  GaN  will  be  significantly  influenced  by 
the  crystallinity  and  orientation.  At  the  present  stage 
we  have  not  achieved  the  high  optical  functions  of  poly¬ 
crystalline  GaN  and  further  improvement  of  its  qualities 
is  necessary,  nevertheless  the  results  shown  in  this  pa¬ 
per  offer  a  promising  technique  in  the  future  to  control 
the  orientation  of  polycrystalline  GaN  so  that  its  optical 
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Fig.  3.  XRD  patterns  of  GaN  thin  films  on  ITO/glass  substrates  whose  ITO  surfaces  were  nitrided  at  400  °C  under  (a)  40 
seem  and  (b)  80  seem  of  N2  gas  flow  rates. 


Evolution  of  Crystalline  Orientations  of  Poly  crystalline  GaN  on 

functions  are  fully  employed. 

The  mechanism  for  the  change  of  preferred  orientation 
due  to  the  nitridation  of  ITO  surface  is  not  clearly  ex¬ 
plained  at  present,  but  as  possible  reasons  we  considered 
the  change  of  orientation,  composition,  and  roughness 
of  ITO  surface  by  the  nitridation.  The  driving  force  for 
these  phenomena  may  be  not  only  reaction  with  nitrogen 
on  the  ITO  surface  but  also  bombardment  by  energetic 
species  including  nitrogen  atoms,  ions,  and  electrons  in 
the  N2  gas  plasma  during  the  nitridation  process.  It  has 
been  well  recognized  that  the  properties  of  ITO  films  are 
greatly  influenced  by  their  growth  and  annealing  condi¬ 
tions  [6,7].  Slight  increase  of  the  surface  roughness  by 
the  nitridation  was  detected  by  atomic  force  microscopy. 

It  seems  reasonable  to  assume  that  the  very  thin  surface 
layer  of  ITO  was  modified  by  the  nitridation  process,  al¬ 
though  it  was  so  thin  that  its  crystallinity,  even  if  some¬ 
what  oriented,  could  not  be  detected  by  the  sensitivity 
of  the  XRD  measurements,  and  it,  for  example,  modified 
the  surface  stress  to  change  the  preferred  orientation  of 
GaN  on  it.  Since  the  phenomena  occurred  during  the 
nitridation  are  very  complicated,  the  surface  structure  of 
the  ITO  after  the  nitridation  cannot  be  discussed  only 
in  terms  of  the  XPS  measurements  and  more  systemat¬ 
ic  investigations  with  various  surface  analysis  techniques 
are  necessary  to  reveal  the  surface  structure.  However, 
it  is  expected  that  the  nitridation  process  occurs  more 
effectively  for  longer  time  and  higher  N2  gas  flow  rate; 
this  seems  to  be  a  reason  for  the  similar  XRD  pattern 
of  GaN  between  the  nitridation  time  for  ITO  surface  of 
120  min  at  40  seem  and  of  60  min  at  80  seem,  discussed 
above. 


IV.  CONCLUSIONS 

Effects  of  nitridation  of  ITO  surface  on  the  orienta¬ 
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tions  of  poly  crystalline  GaN  grown  by  PECVD  on  it  were 
investigated.  The  nitridation  was  performed  using  the 
N2  gas  plasma.  The  XPS  measurements  revealed  that 
the  nitridation  proceeds  more  at  higher  nitridation  tem¬ 
perature,  longer  time,  and  higher  flow  rate  of  N2  gas. 
Crystallinity  of  polycrystalline  GaN  grown  on  the  nitrid- 
ed  ITO/glass  substrates  was  characterized  by  the  XRD 
measurement.  As  a  result,  crystallinity  of  GaN  was  im¬ 
proved  by  the  nitridation.  Further,  the  crystal  orienta¬ 
tions  of  (1010)  and  (lOll)  planes  were  controllable  by 
changing  the  nitridation  conditions,  suggesting  that  the 
nitridation  can  be  a  promising  technique  in  the  future  to 
effectively  utilize  the  optical  functions  of  polycrystalline 
GaN  films  on  ITO/glass  substrates. 
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The  strain  effects  on  optical  gain  and  threshold  current  density  in  cubic  GaN-based  quantum  well 
(QW)  lasers  are  studied  theoretically  using  the  kp  method  with  6x6  Luttinger-Kohn  Hamiltonian 
and  the  density  matrix  formalism  with  intraband  relaxation.  Compared  with  compressive  strained 
GaN-based  QW  lasers,  tensile  strained  QW  lasers  show  improvements  in  optical  gain,  differential 
gain,  and  threshold  current  density.  This  is  mainly  because  tensile  strain  in  GaN-base  QW  laser 
increases  dipole  matrix  element  due  to  the  very  narrow  spin-orbit  (SO)  split-off  energy.  In  this 
study,  tensile  strained  GaN-based  QWs  are  realized  by  introducing  Inx(Gai_J/AlJ/)i-.a;N  for  barrier 
layers.  Therefore,  we  can  achieve  cubic  GaN-based  QW  lasers  with  better  performance  by  using 
tensile  strain  rather  than  compressive  strain. 


I.  INTRODUCTION 

Recently,  group  III  nitride-based  semiconductors  have 
drawn  a  lot  of  attention  for  short  wavelength  optoelec¬ 
tronic  devices.  After  Nakamura  et  al.  reported  their  pio¬ 
neering  work  on  high-brightness  blue-green  light  emitting 
diodes  (LEDs)  based  on  wurtzite  Ill-nitride  semiconduc¬ 
tors  [1],  many  authors  have  made  efforts  to  obtain  blue- 
green  or  ultraviolet  LED  [2]  and  laser  diodes  (LDs)  [3] 
using  these  materials.  In  spite  of  these  efforts,  the  laser 
characteristics  such  as  optical  gains  and  threshold  current 
densities  are  still  unsatisfactory  compared  with  those  of 
typical  GaAs  lasers.  This  is  not  only  because  Ill-nitride 
materials  have  difficulties  in  finding  suitable  substrates 
but  also  because  their  large  density  of  states  due  to  large 
effective  electron  and  hole  masses  at  the  zone  center  lead 
to  high  transperant  carrier  densities  and  high  threshold 
current  densities. 

Even  though  most  experimental  studies  have  concen¬ 
trated  on  the  hexagonal  (wurtzite)  crystals,  some  of  the 
recent  studies  [4]  on  cubic  (zinc-blend)  GaN  crystals  show 
that  cubic  Ill-nitride  epilayers  may  offer  superior  ther¬ 
mal,  electronic,  and  optical  properties  due  to  the  smaller 
electron  and  hole  masses  and  the  possibility  of  reduced 
phonon  scattering  in  cubic  crystal  structure.  A  cubic 
crystal  structure  can  be  obtained  by  suitable  choice  of 
substrate  and  growth  condition.  Recently,  along  with  the 
experimental  study  for  cubic  Ill-nitride  materials,  theo¬ 
retical  studies  such  as  band  structures  for  the  bulk  ma¬ 
terials  [5-7]  and  optical  gains  for  the  GaN-based  QWs 
[8-10]  have  been  performed. 

In  this  paper,  we  theoretically  studied  strain  effects  on 
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optical  gain  and  threshold  current  density  in  cubic  GaN- 
based  QW  lasers  to  obtain  better  lasing  performance  us¬ 
ing  cubic  Ill-nitride  materials.  Due  to  the  lack  of  ex¬ 
perimental  data  for  band  structure  parameters,  we  used 
theoretically  estimated  values  in  references  [5-8].  Com¬ 
pared  with  the  conventional  III-V  materials,  Ill-nitride 
materials  have  very  narrow  SO  split-off  energies,  which 
lead  to  different  strain  effects.  To  clarify  strain  effects 
on  GaN-based  QW  laser  characteristic,  we  consider  a 
60  A  GaN/Alo.26Ga0.74N  QW  system  by  varying  strain 
strength  of  the  well,  fixing  other  material  parameters  and 
well  thickness.  We  have  found  that  tensile  strains  en¬ 
hance  QW  laser  characteristics  more  effectively.  By  in¬ 
troducing  InJC(Ga1_yAly)i_a:N  for  barrier  layers,  the  ten¬ 
sile  strained  GaN-based  QW  laser  was  realized  and  its 
results  were  also  compared  with  those  of  the  compressive 
strained  QW  laser.  In  section  II,  we  explain  the  numeri¬ 
cal  method  for  the  band  structure,  the  optical  gain,  and 
the  threshold  current  density  for  QW  lasers.  The  theo¬ 
retical  calculations  and  numerical  results  for  the  strain  ef¬ 
fects  on  optical  gain,  differential  gain,  and  threshold  cur¬ 
rent  density  in  GaN-based  QW  lasers  are  then  discussed 
in  section  III.  Finally,  section  IV  presents  the  conclusion. 

II.  THEORY  AND  FORMALISM 

In  this  section,  we  describe  our  numerical  method  to 
obtain  band  structure,  optical  gain  for  strained  QWs, 
and  threshold  current  density  for  the  QW  lasers.  The 
QW  is  considered  to  be  grown  along  the  z  axis.  The 
band  structure  for  QWs  are  calculated  by  using  the  k  p 
method.  The  conduction  band  is  assumed  to  be  decou¬ 
pled  from  the  valence  bands  and  to  be  parabolic,  for  sim¬ 
plicity,  which  is  a  good  approximation  for  large  bandgap 
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semiconductors  such  as  GaN.  The  valence  band  structure 
is  calculated  by  using  the  6x6  Luttinger-Kohn  Hamil¬ 
tonian  [11]  with  the  spin-orbit  (SO)  coupling  effects  con¬ 
sidered,  since  Ill-nitride  materials  have  very  narrow  SO 
split-off  energy.  First  of  all,  we  make  a  unitary  transfor¬ 
mation  of  the  6x6  Luttinger-Kohn  Hamiltonian 


H  =  UHW 


'  Hu  O' 
0  HL 


(1) 


to  decouple  the  upper  and  lower  blocks,  Hu  and  HL  [12]. 
The  upper  and  lower  block  solutions  are  given  by  [13] 


^k11w  =  E^)(feii>z)e<k|l'r,,i'/> 

u 

f  v  —  1,  2,  3  for  a  =  U 
\  v  =  4, 5, 6  for  a  —  L, 


where  gm\k\\,  z)  is  the  envelope  function,  {\u  >}  denotes 
the  transformed  Bloch  basis  at  the  zone  center,  m  is  the 
QW  subband  index,  fc|j  =  kxx  +  k yy,  rjj  =  rxx  +  ryy ,  and 
a  =  U  (or  L )  refers  to  the  upper  (or  lower)  block.  Then, 
the  block-diagonalized  envelope  functions  {gm\k\\,z)} 
satisfy  the  coupled  differential  equations  [12] 


(3) 


where  is  the  block-diagonalized  Hamiltonian  for 
strain  (shear)  potential  and  Vh(z)  is  the  valence  band 
offset,  which  is  related  to  A Ev. 

For  a  strained  quantum  well  of  lattice  constant  a,  a 
barrier  region  with  a  lattice  constant  ao,  the  strain  e  is 
expressed  as 


And  the  hydrostatic  and  shear  components  of  the  strain 
are  given  by 

SEhy  =  -2at,Cll~C'12f  (5) 

Gil 

and 

c  n  OLCll  2^12  ^ 

6Esh  =  -26 - - - e,  (6) 

Gn 

respectively,  where  av  and  6  are  the  deformation  poten¬ 
tials  and  Cii  and  C12  are  the  elastic  constants.  Since  the 
hydrostatic  components  raise  or  lower  the  whole  bands 
uniformly,  they  are  considered  in  estimating  the  band  off¬ 
sets.  Then,  the  strain  potential  H°  in  Eq.  (3)  is  given 

by 


II 

1 - 1 

00^ 

0 

0  tsl  0 

1 _ 1 

and 

He  = 

1 - 1 

0  0 

^Y° 

ol^o 

l _ _ _  1 

where 

C  =  \bEsh.  (8) 

After  the  matrix  elements  in  Eq.  (3)  are  determined,  the 
equations  (3)  are  solved  numerically  using  the  finite  dif¬ 
ference  method.  The  differences  in  the  Luttinger-Kohn 
parameters  of  the  H°  for  the  well  and  the  barrier  ma¬ 
terials  are  considered  by  following  the  approach  of  Chao 
and  Chuang  [14]. 

Once  the  subband  levels  are  obtained,  in  the  multiband 
effective  mass  approximation,  the  optical  dipole  matrix 
element  is  given  by 


£<,=1,2,3  <  9$\<h  ><  •  er\s,  T)>  for  a  =  U 

£<,=4,5,6  <  9m\h  ><  v\e  ■  er  |S,  i 7  >  for  a  =  L, 


(9) 


where  e  is  the  polarization  vector  of  the  optical  field,  Af^(fc||)  is  the  optical  dipole  matrix  element  between  the 
/th  conduction  band  with  a  spin  state  77  and  the  mth  valence  band  of  a  a  block,  <j>i  is  the  envelope  function  for  the 
Ith  conduction  band,  and  S  denotes  the  spherical  Bloch  function  for  the  conduction  band  at  the  zone  center.  The 
| i  *  M^|2  for  the  TE  mode  (the  optical  electric  field  is  polarized  in  the  x  -  y  plane)  and  the  TM  mode  (the  optical 
electric  field  is  polarized  in  the  z  plane)  is  obtained  as  follows  [12], 


|6-M?^(fe||)|2  =  l<5HX>2 
|€-M?^(fe||)|2  =  l<5HX>2 


^<<M^}>2  +\  <  MqW  >2  +^y 


.  JL.I 


2 


«t>l\9im)>«t>l\9{m)> 

\ 

<<l>l\9m}><<t>l\9m)> 


for  TE  mode, 


(10) 
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|*.M&(k||)|2  =  i  <S\ez\Z>2  (<<j>i\g^}> 


for  TM  mode. 


(ii) 


The  value  of  <  S\ez\Z  >2  is  given  by 

<S\ez\Z>2  =  <S\ex\X>2  (12) 

(eft)2/  Eg  +  A  fl  1  \\ 

2  \EG(EG+2A/Z)\m*c  m0 ))' 

where  Eq  is  the  bandgap  energy,  A  is  the  SO  split-off 
energy,  m *  is  the  effective  mass  of  electron  in  the  con¬ 
duction  band,  and  mo  is  the  mass  of  electron.  The  linear 
optical  susceptibility  x(^)  of  QWs  can  be  calculated  us¬ 
ing  the  density  matrix  formalism  [12] 

<«(")  =  7  E  I*-»C(*||)IS 

OTjlmk  || 

fl  _  fm 

x _ Jc  _  /io\ 

Ef(kn)-E%(ktt)+E0-hu-ih/iin’  ’ 

where  eo  is  the  permittivity  of  free  space.  flc  and 
are  the  Fermi  functions  and  Ef(k^)  and  E^(k\\)  are  the 
energies  for  the  /th  conduction  band  and  mth  valence 
band  at  k^}  respectively.  u>  is  the  angular  frequency  of 
the  photon,  V  is  the  volume  of  the  active  layer,  and  r;n  is 
the  intraband  relaxation  time.  The  linear  material  gain 
g(u)  of  the  QWs  is  defined  as 

g(u)  =  —  Im  fox(w),  (14) 

nr 

where  fi  is  the  permeability,  nr  is  the  refractive  index, 
and  c  is  the  speed  of  light  in  free  space. 

For  QW  lasers,  the  modal  gain  gm  is  obtained  by  mul¬ 
tiplying  the  material  gain  with  the  optical  confinement 
factor  T,  z.e.,  gm  =  Tg.  The  threshold  current  density 
is  achieved  when  the  peak  modal  gain  is  large  enough 
to  compensate  the  intrinsic  loss  aint  and  the  loss  at  the 
mirrors  am , 

Tg(nth)  =  aim  +  am,  (15) 

where  nth  is  the  threshold  carrier  density.  After  deter¬ 
mining  the  threshold  carrier  density,  the  threshold  cur¬ 
rent  density  Jth  can  be  found  by 

Jth  —  cLzTlth! Ttoti  (^5) 

where  Lz  is  the  QW  thickness  and  Ttot  is  the  carrier  life 
time. 

III.  NUMERICAL  RESULTS  AND 
DISCUSSION 

In  this  section,  we  show  our  numerical  results  for  strain 
effects  on  optical  gains  and  threshold  current  densities  for 
cubic  GaN-based  QW  lasers.  Due  to  the  lack  of  experi¬ 
mental  data  for  band  structure  parameters  and  band  off¬ 
sets,  we  use  theoretically  estimated  values  in  references 


[5-8]  and  they  are  listed  in  Table  1.  And  we  assume 
that  A  Ev  is  0.4  times  of  A  Eg-  To  clarify  strain  effects 
on  GaN-based  QW  laser  characteristic,  we  consider  a 
60  A  GaN/Alo.26Gao.74N  QW  system  by  varying  strain 
strenth  of  the  well,  fixing  other  material  parameters  and 
well  thickness.  We  analyze  the  strain-induced  changes  in 
the  valence  band  structure  and  laser  performance  by  ex¬ 
amining  characterization  parameters  such  as  density  of 
states  and  squared  dipole  matrix  elements. 

The  valence  band  structures  for  a  QW  consisting  of 
a  60  A  GaN  QW  surrounded  by  Alo.26Gao.74N  barriers 
with  various  strain  strength,  ranging  from  —1.5  %  com¬ 
pressive  strain  to  1.5  %  tensile  strain,  are  shown  in  Fig. 
1.  We  labeled  valence  subbands  as  HH  (heavy  hole),  LH 
(light  hole),  or  SO  (spin-orbit)  band  according  to  the 
characteristics  of  the  wave  function  at  the  zone  center. 
Due  to  the  small  SO  split-off  energy  as  0.017  eV,sGaN 
QW  shows  different  behavior  of  valence  bands  from  that 
of  conventional  III-As  or  III-P  QW.  For  large  compres¬ 
sive  strains  such  as  the  cases  of  Figs.  l(a)-(c),  the  first 
excited  subband  is  SO  band  rather  than  LH  band  and 
the  separations  between  the  first  two  subbands  at  the 
zone  center  are  almost  the  same.  This  can  be  under¬ 
stood  from  the  behavior  of  valence  bands  in  bulk  GaN 
with  strain.  HH,  LH,  and  SO  bands  of  bulk  lie  at  — £ 
and  (C  —  A  ±  ^/A2  +  2A£  +  9C2)/2  from  the  band  edge 
at  the  zone  center,  respectively,  which  is  obtained  form 
Eqs.  (1)  and  (7).  When  A  becomes  small  compared  with 
the  strain  energy  the  LH  and  the  SO  bands  are  located 
at  2(  —  A/3  and  —  (  —  2A/3,  respectively,  and  first  ex- 
cted  subband  for  compressive  strain  is  SO  band.  While 
the  energy  separation  between  the  HH  and  the  LH  bands 
varies  as  the  amount  of  3C  —  A/3,  the  energy  separation 
between  the  HH  and  the  SO  bands  is  constant  as  2 A/3. 


Table  1.  Material  parameters  for  cubic  III- nitrides  used  in 
this  work 


parameters 

AIN 

GaN 

InN 

a0  (A)  [8] 

4.38 

4.53 

4.98 

Eg  (eV)  (T=300  K)  [5,8] 

6.0:direct, 

5. 11  indirect 

3.2 

2.2 

ml /mo  [8] 

0.21 

0.15 

0.14 

A  (eV)  [8] 

0.017 

0.017 

0.017 

7i  W 

2.42 

3.06 

3.24 

72  [8] 

0.58 

0.91 

1.00 

73  [8] 

0.71 

1.03 

1.12 

Cn  (Mbar)  [7] 

2.61 

2.14* 

C12  (Mbar)  [7] 

1.27 

1.18 

b  (eV)  [6] 

-1.443 

-1.61 

-1.33 

a.g  (eV)  (a„  =  ag  x  0.4)  [6] 

-6.8 

-3.5 

tlr  [8] 

2.9 

2.9 

*  marked  value  is  an  assumed  one  for  the  experimental  trend 
of  C12  for  conventional  Ga-V  and  In-V  materials. 
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Fig.  1.  Valence  band  structures  of  a  60  A  GaN/  Alo.2eGao.74N  QW  versus  in-plain  wave  vector  fcjj  (in  units  of  2tt /a0)  at 
various  strains  ranging  from  e=— 1.5  %  (compressive)  to  e=1.5  %  (tensile). 


From  the  bulk  analysis,  it  is  obvious  that  the  separation 
between  the  HH1  and  the  SOI  at  fc||=0  for  large  strains 
in  Figs.  l(a)-(c)  and  (g)-(i)  is  constant  and  the  separa¬ 
tion  energy  is  about  0.011  eV  (2  A/3).  The  shapes  of  first 
few  bands  under  large  compression  can  be  easily  seen  to 
saturate  with  increasing  compressive  strain  due  to  the 
above  reason.  Note  that  while  the  SO  band  moves  in  the 
same  direction  to  the  HH  band  with  the  increasing  strain 
in  Fig.  1,  the  LH  band  moves  in  opposite  direction  to  the 
HH  band  with  the  increasing  strain,  which  is  also  exam¬ 
ined  from  tha  locations  of  corresponding  valence  band  in 
bulk  GaN.  With  increasing  compressive  strain,  the  ener¬ 
gy  level  of  the  LH1  band  goes  down  rapidly,  while  it  goes 
up,  become  the  top  of  the  valence  band,  and  moves  away 
from  the  HH1  band  significantly  with  increasing  tensile 
strain. 

In  Fig.  1,  we  also  see  the  strain  changes  the  curva¬ 
tures  of  the  subbands,  which  is  inversely  proportional 
to  the  effective  mass  of  the  subband  and  the  density  of 
states  (DOS)  in  the  QW  layer.  Because  the  DOS  near 
the  band  edge  plays  an  important  role  in  determining 
the  transparent  carrier  density,  the  gain,  and  the  thresh¬ 
old  current  density  for  the  QW  laser,  it  is  important  to 
examine  the  strain-induced  changes  of  the  curvatures  in 
Fig.  1.  In  Figs.  l(a)-(e),  it  is  observed  that  increasing 
compressive  strain  tends  to  reduce  the  effective  masses 
for  the  first  few  subbands,  and  under  large  compressive 
strains  (especially  in  the  cases  of  Fig.  1(a)  and  (b)),  the 
effective  masses  saturate,  as  already-mentioned.  Among 
the  cases  where  HH1  band  is  the  ground  state,  at  6=0.25 
%,  the  most  DOS  is  expected,  since  the  effective  masses 
are  the  largest  and  the  energy  separations  between  the 
first  few  bands  are  the  nearest  with  each  other.  In  ad¬ 


dition  to  curvatures  of  the  subbands,  energy  separation 
between  the  first  few  bands  is  one  of  important  factors 
for  determining  the  DOS  near  the  band  edge  because  the 
decrease  of  the  subband  energy  separation  result  in  a  in¬ 
crease  in  DOS  due  to  the  rapid  accumulation  of  DOS  for 
each  band.  From  Fig.  l(g)-(i),  it  is  noticed  that  increase 
of  tensile  strain  more  than  6=0.25  %  leads  to  small  DOS, 
mainly  due  to  increase  of  the  energy  separation  between 
the  ground  state  and  the  first  excited  state.  When  we 
compare  the  DOS  for  the  tensile  strained  QW  with  6=1.0 
%  with  that  for  the  compressive  strained  QW  with  the 
same  amount  of  strain,  6= -1.0  %,  it  is  conjectured  that 
there  is  little  difference  between  them  despite  of  larger  ef¬ 
fective  mass  of  the  ground  state  near  zone  center  for  the 
tensile  strained  one  since  the  energy  separation  between 
the  ground  state  and  the  excited  states  for  the  tensile 
strained  one  is  larger  than  the  compressive  strained  one. 

Next,  we  consider  the  squared  dipole  matrix  element 
between  conduction  band  and  valence  band.  Because  of 
the  Fermi  function  difference  in  Eq.  (13),  flc  —  ,  the 

transitions  only  between  1=1  and  m= 1,  2  states  are  im¬ 
portant.  The  dipole  matrix  element  varies  slowly  with 
the  wave  vector  near  the  zone  center  in  most  of  the 
cases.  Therefore,  we  focus  on  the  values  at  the  zone 
center.  Table  2  shows  the  squared  dipole  matrix  ele¬ 
ment  between  /=1  (Cl)  and  m=l,2  (VI  and  V2)  states 
at  the  zone  center  for  both  TE  and  TM  modes  for  the 
QW  band  structures  shown  in  Fig.  1.  We  also  include 
the  squared  dipole  matrix  element  at  nonzero  k\\  if  the 
ground  state  changes  its  characteristic  with  the  first  ex¬ 
cited  state  near  zone  center  due  to  the  strong  valence 
band  mixing.  The  TM  mode  for  tensile  strained  layer  and 
the  TE  mode  for  compressive  strained  and  unstrained 
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Table  2.  The  calculated  squared  dipole  matrix  element  between  /=1  and  m= 1,2  states  at  the  zone  center  for  both  TE  and 
TM  modes  for  various  cases  of  Fig.  1.  Cl  is  the  first  subband  of  the  conduction  band  and  VI  and  V2  are  the  first  and  the 
second  subbands  of  the  valence  band,  respectively. 


|dipole  matrix  element|2/e2  (m2) 

Cl-Vl  (TE  mode) 

C1-V2  (TE  mode) 

Cl-Vl  (TM  mode) 

C1-V2  (TM  mode) 

(a)  c= 

-1.5  % 

1.61x10“”  ~ 

1.60xl0“2U 

0 

O.OlxlO-20 

(b)  e= 

-1.0  % 

1.63  xlO“20 

1.62xlO“20 

0 

O.OlxlO-20 

(c)  e= 

-0.5  % 

1.65  xlO-20 

1.63X10-20 

0 

0.04xl0“20 

(d)e= 

-0.25  % 

1.66xlO“20 

1.61  xlO“20 

0 

0.08x10“2° 

(e)  e= 

0% 

1.67xlO“20 

1.53xlO“20 

0 

0.28  xlO-20 

(f)  e= 

0.25  % 

1.68 xlO“20  (0.51  xlO-20 

0.09xl0“20  (1.25 xlO-20 

0  (1.97X10-20 

1.58 xlO-20  (0.64 xlO-20 

(g)  *= 

at  &||  =  0.024) 

at  *||  =  0.024) 

cs 

o 

o 

II 

at  *n  =  0.024) 

0.5  % 

0.16xl0“20 

1.69xlO“20 

3.09xl0“20 

0 

(h)  e= 

1.0  % 

0.02xl0“20 

1.71  xlO-20 

3.41  xl0“20 

0 

(i)e= 

1.5  % 

0 

1.73  xlO-20 

3.48xlO“20 

0 

layer  are  dominant  mode  due  to  the  light-hole  and  the 
heavy-hole  characters  of  the  ground  states  in  those  wells, 
respectively,  from  Table  1.  For  all  the  strained  QWs, 
the  squared  dipole  matrix  elements  of  C1-HH1  transi¬ 
tion  for  TE  mode  are  almost  the  same,  ranging  between 
1.61xlO“20  e2m2  and  1.73xlO-20  e2m2.  TM  dipole  ma¬ 
trix  elements  of  the  ground  states  are  greatly  increased 
under  tensile  strain.  The  squared  dipole  matrix  elements 
of  the  transition  between  Cl  and  LH1  states  for  TM  mode 
for  tensile  strained  layers  are  almost  two  times  as  large 
as  those  of  the  transition  between  Cl  and  HH1  states  for 
TE  mode  for  compressive  strained  layers.  This  is  because 
of  the  very  strong  coupling  between  the  SO  component 
(</3))  and  the  light-hole  component  (<^2))  of  the  LH1 
band  due  to  the  very  narrow  spin-orbit  (SO)  split-off  en¬ 
ergy  in  GaN  material.  Large  dipole  matrix  element  will 
result  in  the  large  optical  gain  and  the  differential  gain 
for  a  tensile  strained  GaN-based  QW  compared  with  a 
compressive  strained  one. 

In  Fig.  2,  we  plot  the  peak  linear  gains  for  (a)  the 
TE  modes  for  the  cases  of  Fig.  l(a)-(f)  and  for  (b)  the 
TM  modes  for  the  cases  of  Fig.  l(f)-(i)  as  a  function  of 
injected  carrier  density  at  T=300  K.  And  we  can  simply 
read  differential  gain  as  the  slopes  of  the  peak  gain  in 
Fig.  2.  In  addition  to  the  gain  and  the  differential  gain, 
threshold  current  densities  Jth  is  one  of  the  important 
parameters  to  determine  the  laser  performance.  Table 
3  shows  Jth  for  the  cases  of  Fig.  l(a)-(f).  For  the  cal¬ 
culation  of  the  optical  gain,  we  assume  that  r,n  is  the 
same  for  all  subbands  as  1  x  10“ 13  s.  And  device  pa¬ 
rameters  we  used  in  calculation  of  Jth  are  as  follows:  Tx0% 
is  1  x  10“9  s,  Qtint  is  30/cm,  facet  power  reflectivity  is 
0.32,  cavity  length  is  400  /zm,  and  the  optical  confine¬ 
ment  factor  T  is  0.03.  It  is  found  from  Fig.  2(a)  that 
with  increasing  compressive  strain,  the  transparent  car¬ 
rier  density  ncrj  where  the  optical  gains  occur,  decreases 
due  to  the  decrease  of  the  DOS.  And  the  decrease  of  the 
DOS  leads  not  only  small  ncr  but  also  large  differential 
gain  because  small  DOS  results  in  more  quick  increase 
°f  Pc  —  I™  with  increase  of  injected  carrier  density.  The 


Fig.  2.  The  peak  linear  gains  of  (a)  the  TE  modes  for  the 
cases  of  Fig.  l(a)-(f)  and  of  (b)  the  TM  modes  for  the  cases 
of  Fig.  l(f)-(i)  as  a  function  of  injected  carrier  density. 


largest  compressive  strain  (c=-1.5  %)  among  Fig.  2(a) 
shows  the  smallest  Jth}  but  the  Jth  difference  with  the 
e=— 1.0  %  case  is  small  due  to  the  saturation  of  the  band 
structure.  As  expected,  the  largest  ncr,  the  smallest  op¬ 
tical  gain  in  all  carrier  density  regions  and  smallest  dif¬ 
ferential  gain  are  obtained  at  e=0.25  %  for  TE  mode  due 
to  the  largest  DOS  which  is  from  the  fact  that  the  first 
few  valence  bands  are  very  flat  and  they  are  very  close 
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Table  3.  Calculated  threshold  current  density  Jth  for  vari¬ 
ous  strained  QW  lasers  of  Fig.  1. _ 


Strain 

Jth  (A/cm2) 

(a)  e=-1.5  % 

947  for  TE  mode 

(b)  €=-1.0  % 

958  for  TE  mode 

(c)  €=-0.5  % 

1003  for  TE  mode 

(d)  €=-0.25  % 

1057  for  TE  mode 

(e)  €=  0  % 

1162  for  TE  mode 

(f)  €=  0.25  % 

1160  for  TM  mode 

1394  for  TE  mode 

(g)  €=  0.5  % 

964  for  TM  mode 

(h)  €=  1.0  % 

807  for  TM  mode 

(i)  €=  1.5  % 

745  for  TM  mode 

to  each  other.  However,  from  Fig.  2(b),  it  is  found  that 
the  differential  gain  of  TM  mode  for  e=0.25  %  strained 
QW  is  much  larger  than  that  of  TE  mode  in  spite  of  the 
larger  ncr,  which  is  from  the  change  of  characteristics  be¬ 
tween  HH1  and  LH1  band  near  the  zone  center  (at  about 
jfc||=0.02),  and  thus  increase  of  dipole  matrix  element  of 
TM  mode.  From  this  reason,  at  6=0.25  %,  Jth  of  TM 
mode  is  smaller  than  that  of  TE  mode.  With  increasing 
tensile  strain,  ncr  decreases,  the  optical  gain  and  the  dif¬ 
ferential  gain  increase,  and  Jth  decreases  rapidly  owing  to 
increased  dipole  matrix  element  as  well  as  the  decreased 
DOS.  Compared  with  the  compressive  strained  QW,  the 
tensile  strained  one  shows  dramatical  improvements  in 
differential  gain.  Especially,  the  1.0  %  strained  QW  has 
the  larger  optical  gain  and  differential  gain  and  smaller 
Jth  than  the  —1.0  %  strained  QW  in  spite  of  almost  the 
same  ncr.  This  improvement  for  the  tensile  strained  QW 
mainly  comes  from  much  larger  dipole  matrix  elements 
as  listed  in  Table  2. 

Upto  this  point,  we  have  dealt  with  the  virtual  sys¬ 
tem  to  examine  strain  effect  on  GaN-based  QW  lasers  by 


carrier  density  (/cm3) 

Fig.  3.  The  peak  linear  gains  for  TM  modes  for  a  60 
A  GaN/In0.2(Gao.6Alo.4)o.8N  QW  (dashed  curve)  and  for  TE 
modes  for  a  60  A  Ino.iGao.9N/Ino.i(Gao.67Alo.33)o.9  N  QW 
(solid  curve)  as  a  function  of  injected  carrier  density.  The 
two  structures  have  almost  the  same  absolute  strain  of  ~1.0 
%.  Calculated  Jth  for  two  cases  are  also  included. 


varying  the  strain  strength,  fixing  the  other  material  pa¬ 
rameters.  Here,  we  consider  an  example  of  real  QW  sys¬ 
tems  and  compare  a  tensile  strained  GaN-based  QW  laser 
with  compressive  one.  Tensile  strain  in  GaN-base  QW  is 
realized  by  introducing  Inx(Gai-J/Aly)i_rN  for  barrier 
layers.  We  take  a  60  A  GaN/Ino.2(Gao.6Alo.4)o.8N  QW 
and  a  60  A  Ino.iGao.9N/Ino.i(Ga0.67Alo.33)o.9N  QW  as 
examples  of  the  tensile  and  compressive  strained  QWs, 
respectively.  These  two  structures  are  designed  so  that 
the  A  Eg  and  the  lasing  wavelength  of  the  QWs  are  al¬ 
most  the  same  and  that  the  absolute  strain  strength 
are  almost  equal  to  1.0  %,  in  order  to  see  the  strain 
effect  clearly.  Figure  3  shows  maximum  gain  versus  in¬ 
jected  carrier  density  and  threshold  current  densities  for 
two  structure.  The  tensile  strained  QW  laser  shows  to 
have  better  laser  performance  than  the  compressive  one. 
Therefore,  operation  at  lower  current  can  be  achieved  by 
using  of  proper  tensile  strain  in  GaN-based  QW  lasers. 

IV.  CONCLUSION 

In  this  paper,  we  have  investigated  strain  effects  on 
optical  gain  and  threshold  current  density  in  cubic  GaN- 
based  QW  lasers  by  considering  valence  band  mixing  ef¬ 
fects.  The  calculation  of  valence  band  structures  at  var¬ 
ious  strains  from  —1.5  %  compressive  to  1.5  %  tensile 
strain  for  a  60  A  GaN/Al0.26Ga0.74N  QW  shows  that  the 
increase  of  compressive  strain  saturates  the  energy  sepa¬ 
ration  between  the  ground  state  (HH1)  and  the  first  ex¬ 
cited  state  (SOI)  as  small  value  of  2 A/3  due  to  the  small 
SO  split-off  energy  of  GaN,  reducing  the  effective  masses 
of  the  first  few  subbands  and  DOS  near  band  edge  slowly, 
and  changing  the  TE  dipole  matrix  element  very  little, 
which  leads  slowly  decreasing  transparent  carrier  densi¬ 
ty  and  increasing  differential  gain.  On  the  other  hand, 
increasing  tensile  strain,  the  LH1  band  moves  up  signifi¬ 
cantly  above  HH1  band,  the  TM  dipole  matrix  elements 
are  increased,  and  the  DOS  near  band  edge  is  reduced, 
which  result  in  significant  enhancement  of  lasting  perfor¬ 
mance.  Compared  with  the  —1.0  %  compressive  strained 
QW,  the  1.0  %  tensile  strained  QW  has  the  larger  effec¬ 
tive  mass  for  the  ground  state,  but  has  the  larger  energy 
separation  between  the  first  two  states.  The  two  have 
almost  the  same  DOS  near  band  edge  and  transparent 
carrier  density.  And  TM  dipole  matrix  element  for  the 
tensile  strained  QW  is  much  larger  than  TE  dipole  matrix 
element  for  the  compressive  one  due  to  the  very  narrow 
SO  split-off  energy.  Because  of  these  reasons,  the  ten¬ 
sile  strained  QW  laser  was  found  to  have  larger  optical 
gain  at  all  the  injected  carrier  densities,  larger  differential 
gain,  and  lower  threshold  current  density.  We  also  pro¬ 
vide  an  example  of  real  QW  systems  with  tensile  strain  by 
introducing  Inx(Gai_yAly)i_a;N  for  barrier  layers.  Our 
results  suggest  that  we  can  improve  the  performance  of 
cubic  GaN-based  QW  lasers  by  using  tensile  strain  rather 
than  compressive  strain. 
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The  radiative  recombination  in  undoped  thick  GaN  of  870  um  freestanding  and  other  10~300  um 
GaN  on  Si  has  been  studied  by  photoluminescence  spectroscopy.  The  emission  consists  of  dominant 
donor  bound  exciton  line,  donor  or  acceptor  related  band  at  3.41~3.42  eV  and  the  donor  acceptor 
pair  transition  at  3.269  eV.  We  analyze  the  donor-acceptor  pair  transition  at  3.269  eV  with  change 
of  excitation  intensity  and  temperature.  The  donor  and  acceptor  binding  energies  are  obtained  from 
the  dependence  of  the  peak  energy  on  excitation  intensity.  The  donor  binding  energy  is  obtained 
from  the  limiting  photon  energy  of  the  excitation-dependent  band  and  the  obtained  donor  binding 
energy  is  21  ±3  meV.  The  acceptor  binding  energy  is  obtained  from  an  obtained  fit  explaining  the 
excitation  dependent  energy  of  the  transition  and  the  obtained  binding  energy  is  224±5  meV .  The 
donor-acceptor  pair  transitions  are  present  in  all  samples,  which  have  different  thickness.  Finally, 
Peaks  at  3.41~3.42  eV  are  attributed  to  the  free-to-bound  (FB)  recombination  on  the  basis  of  the 
temperature  and  excitation  dependence  of  photoluminescence  characteristics  of  the  line. 


I.  INTRODUCTION 

Recently,  GaN  attracts  the  interests  for  its  possible 
short-wavelength  light  emitting  diodes  and  current  injec¬ 
tion  laser  diodes  [1].  There  has  been  a  lot  of  research 
on  the  material  and  devices  [2,3].  However,  there  still 
remains  some  problems  unsolved  yet.  The  lack  of  suit¬ 
able  substrate  is  one  of  them.  Due  to  the  large  lattice 
mismatch  between  GaN  and  substrate  such  as  sapphire, 
there  is  very  high  density  of  misfit  dislocation,  which  have 
a  detrimental  effect  on  the  operation  of  optoelectronic  de¬ 
vices.  Growth  of  the  bulk  crystals,  which  could  be  used 
as  substrate  for  homoepitaxy,  can  be  candidate  for  solv¬ 
ing  such  misfit  dislocation.  But  the  growing  of  GaN  bulk 
crystal  is  difficult  for  the  decomposition  of  GaN  at  about 
1000  °C  at  normal  pressure.  Another  way  of  making 
quasi-bulk  crystal  is  to  use  hydride  vapor  phase  epitaxy 
(HVPE)  method.  Since  HVPE  allows  large  growth  rates, 
this  can  be  a  promising  alternative.  For  bulk  material  the 
unintentional  n-type  background  doping  of  nominally  un¬ 
doped  GaN  layers  is  also  one  of  the  problems.  Therefore 
we  choose  the  samples  grown  by  HVPE  method  in  this 
study.  Our  study  focused  on  the  donor  acceptor  pair  of 
3.269  eV  line  of  the  870  um  thick  freestanding  sample. 
And  from  the  excitation  dependence  of  this  line,  we  de¬ 
termined  binding  energy  of  donor  and  acceptor.  In  addi- 
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tion,  we  also  studied  on  the  3.41~3.42  eV  line,  which  we 
designated  as  a  free-to-bound  transition  on  the  basis  of 
the  dependence  of  the  photoluminescence  characteristics 
with  change  of  temperature  and  excitation  intensity. 

II.  EXPERIMENT 

The  samples  used  were  grown  on  AIN/Si  by  HVPE 
without  an  intentional  doping.  The  thickness  ranges 
from  100~870  pi m.  The  870  /im  thick  sample  is  free¬ 
standing  without  substrate.  The  typical  background  lev¬ 
el  is  estimated  to  be  in  order  of  1017  cm"3.  The  sample 
was  mounted  on  a  copper  sample  holder  in  a  variable- 
temperature  cryostat,  allowing  temperature  to  vary  from 
10  up  to  300  K.  Photoluminescence  (PL)  was  excited 
with  the  325  nm  line  of  He-Cd  UV  laser.  The  power  was 
changed  by  using  neutral  density  filters  over  four  orders 
of  magnitude.  The  luminescence  light  was  dispersed  by 
a  0.75  m  Spex  single  monochromator  and  detected  by  a 
cooled  GaAs  photomultiplier. 

III.  RESULTS 

Figure  1  shows  a  typical  spectrum  from  the  freestand¬ 
ing  sample  of  870  um  thickness.  The  spectrum  consists 
of  a  strong  exci tonic  line  near  3.472  eV,  the  transition  at 
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Fig.  1.  PL  spectra  of  870um  thick  freestanding  sample  at 
different  temperature. 
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Fig.  2,  Temperature  dependence  of  the  photoluminescence 
lines.  Freestanding  sample. 


3.269  eV,  which  was  attributed  to  the  no  phonon  of  the 
donor-acceptor  pair  line  based  on  the  dependence  of  the 
transition  on  temperature  and  excitation  intensity,  and 
its  phonon  side  bands.  From  the  n-type  conduction  of 
these  layers  and  the  closeness  of  the  free  exciton  refer¬ 
ence  energy  we  attribute  the  3.472  eV  line  to  an  exciton 
bound  to  a  neutral  donor  (D°X).  The  donor  is  usually 
considered  to  be  the  N  vacancy  [4].  The  D°X  line  was 
reported  to  be  changeable  depending  on  the  magnitude 
of  stress.  Our  samples  show  the  peak  position  near  3.47 
eV.  The  samples  we  study  also  have  a  strong  line  above 
the  40  °K  at  3.269  eV  as  shown  in  Figure  1.  This  was 
previously  known  as  donor-acceptor  pair  [5].  This  was 
observed  from  both  doped  and  undoped  samples.  No¬ 
phonon  line  initially  shifts  to  a  higher  energy  with  the 
increase  of  temperature  and  then  shifts  to  a  lower  ener¬ 
gy  with  the  more  increase  of  temperature,  as  shown  in 
Figure  2.  This  behavior  doesn’t  follows  that  of  the  band 
edge.  It’s  a  behavior  of  DAP  line.  This  initial  shift  with 
increasing  temperature  is  believed  to  be  caused  by  the 
enhancement  of  more  closely  spaced  pairs  by  a  higher 
thermal  ionization  rate  for  the  donor  [6].  For  a  distant 
DAP,  the  energy  of  the  emitted  photon  can  be  expressed 
as  [7]: 

e2 

Eda  =  Eg  —  (Ed  +  Ea)  +  —  (1) 

Eg  is  the  band  gap  of  GaN,  ED  and  EA  are  the  donor  and 
acceptor  binding  energies  respectively  and  R  is  the  dis¬ 
tance  between  the  involved  donor  and  acceptor.  €  is  the 
dielectric  constant.  The  last  term  represents  the  coulomb 
energy  due  to  the  attraction  between  the  ionized  donor 


Fig.  3.  Excitation  dependence  of  the  D-A  emission  peak. 


and  acceptor.  Under  continuous  wavelength  PL  mea¬ 
surement,  the  DA  pair  peak  shifts  to  higher  energy  with 
increasing  excitation  intensity  [8,9],  following  equation 
(2).  In  figure  3  we  shows  this  excitation  dependence  of 
the  DA  pair  line.  The  excitation  intensity  J  vs.  the  D-A 
emission  peak  energy  hvp  relation  is  described  by  Zacks 
and  Halperin  [9]: 


j  =  D  {hvP-hv op)3  /  2 (hvB-hveo)\ 

(hvB+hv^  —  2hup)  \  hi/p  —  huoo  J 


(2) 


with  EB=hvB-hv{ oo  =  e2/eRB  =  2 ED)  Ep  =  hvm-hv 
and  hi/oo  =  Eg  —  (EB  +  EA )•  and  D  is  a  constant.  The 
dependence  of  the  peak  energy  on  excitation  intensity 
was  used  to  calculate  the  parameters,  hvB,  /ii/qo,  and  D. 
and  the  observed  emission  peak  energy  will  be  between 
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Fig.  4.  Excitation  dependence  of  the  emission  peak  of  the 
3.269  eV  D-A  transition.  The  solid  line  is  fitted  to  experi¬ 
mental  data  by  equation  (2). 

Eg  -  Ed  -  Ea  and  Eg  -  EA  corresponding  to  excita¬ 
tion  intensities  approaching  the  lowest  and  highest  lim¬ 
its  respectively.  Figure  4  gives  best-fit  curves  using  the 
experimental  points.  We  determined  that  the  binding 
energy  for  donor  and  acceptor  is  2 lit 3  meV  and  224±5 
meV,  respectively.  The  obtained  acceptor  binding  energy 
is  similar  to  previously  reported  data  [6,10].  The  same 
binding  energy  is  reported  for  the  Zn,  Gd,  Mg,  and  Be 
doped  samples,  but  these  species  are  not  identical  and 
consequently  it  has  been  proposed  that  the  acceptor  is 
actually  G a  vacancy  [11,12].  Dominant  donor  is  believed 
to  be  the  N  vacancy  [13,14].  And  the  binding  energy 
of  the  shallow  donor  is  ranges  from  17  meV  [15]  to  42 
meV  [5].  The  fitted  donor  binding  energy  is  significant¬ 
ly  smaller  than  that  determined  for  the  effective  mass 
theory  (EDtEMT~ 32  meV  [16]).  This  shallow  donor  was 
previously  reported  from  a  donor  bound  exciton  [15,17] 
and  also  from  Hall  measurement.  This  shallow  donor 
was  attributed  to  an  intrinsic  defect.  We  also  suggest 
that  this  donor  state  comes  from  the  intrinsic  defect  on 
the  basis  of  the  undoped  status  of  sample. 

There  are  many  studies  on  the  line  3.40~3.43  eV.  An¬ 
drianov  et  al.  [18]  attributed  a  peak  at  3.42~3.43  eV  of 
sample  grown  on  sapphire  to  a  free- to-bound  transition. 
On  the  contrary,  Ren  et  al  [19]  found  the  evidence  of  D- 
A  recombination  for  a  peak  at  3.404^3.413  eV.  Also  Celle 
et  al  [20]  attributed  a  peak  at  3.41~3.42  eV  (GaN/Si) 
to  a  D-A  recombination.  Godlewski  et  al  [21]  found  a 
long  decay  time  of  a  peak  at  3.414  eV  and  attributed 
to  shallow  D-A  recombination  or  free-to-bound  recombi¬ 
nation.  In  all  samples  studied,  the  peak  energy  varies 


Fig.  5.  Temperature  dependence  of  the  Photoluminescence 
line. 


Energy  (eV) 

Fig.  6.  Excitation  intensity  dependence  of  3.41~3.42  eV 
FB  line. 

from  sample  to  sample.  S.  T.  Kim  previously  observed 
that  these  energy  variations  are  dependent  on  the  crystal 
quality  [22]  and  its  emission  energy  is  affected  by  crys¬ 
tallographic  orientation.  Our  present  study  supports  the 
attribution  to  a  free- to-bound  recombination.  As  shown 
in  Figure  5  the  3.414  eV  line  does  not  follow  the  tem¬ 
perature  dependent  variation  of  the  band  gap,  but  the 
peak  position  gradually  increase  to  higher  energy  as  tern- 
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perature  increases.  There’s  no  shift  to  a  higher  energy 
with  increasing  excitation  intensity  as  seen  from  the  case 
of  the  D-A  transition  (see  Figure  6).  This  is  consistent 
with  expectation  for  a  free  to  bound  transition,  which  is 
characterized  by  the  equation: 

Epeak  =  Eg  —  E{  +  nkT  (3) 

where  E{  is  the  binding  energy  of  the  localized  carrier  on 
the  impurity  and  the  last  term  arises  from  the  thermal 
energy  of  the  free  carrier  in  the  appropriate  band.  n= 1/2 
[23]  or  3/2  [24].  Our  sample  can  be  fit  with  n= 3/2  well. 

In  addition,  we  do  not  observe  the  sharp  lines  that 
are  typical  of  D-A  pair  recombination  [20].  From  the  all 
evidences,  we  conclude  that  this  emission  is  the  free-to- 
bound  transition. 

IV.  CONCLUSIONS 

We  report  low  temperature  photoluminescence  char¬ 
acteristics  of  thick  GaN  free-standing  sample  and  thick 
GaN  grown  on  AIN/Si.  Both  are  grown  by  HVPE 
method.  We  attribute  the  3.269  eV  line  to  the  D^A  pair 
recombination,  and  obtained  values  of  binding  energy  of 
both  donor  and  acceptor  from  the  dependence  of  the  peak 
energy  of  the  pair  photoluminescence  band  on  excitation 
intensity.  These  are  2 1 ±3  meV  and  224±5  meV  for  donor 
and  acceptor,  respectively.  Though  donor  binding  ener¬ 
gies  are  shallower  than  effective  mass  theory  limit.  The 
acceptor  binding  energies  are  also  similar  to  that  of  Ga 
vacancy.  The  3.41~3.42  eV  line  can  be  ascribed  to  a 
free  to  bound  transition  considering  the  photolumines¬ 
cence  characteristics  depending  on  excitation  intensity 
and  temperature. 
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We  report  on  a  study  of  Ti/Ag  ohmic  contacts  to  n-type  GaN.  Ti/Ag  contacts  on  relatively  low- 
doped  (7xl017/cm3)  n-type  GaN,  annealed  in  N2  gas  at  850  °C,  reached  a  specific  contact  resistance 
of  9.5xl0“4  Qcm2  without  special  surface  treatments.  This  value  is  similar  to  that  of  Ti/Al  ohmic 
contacts  fabricated  side-by-side.  Unlike  Ti/Al  contacts,  however,  Ti/Ag  contacts  showed  smooth 
surface  morphology  and  excellent  long-term  stability,  as  the  specific  contact  resistance  increased 
only  by  25  %  in  three  months.  I-V  and  SIMS  analysis  suggest  that,  in  achieving  ohmic  behavior 
in  our  Ti/Ag  contacts,  the  formation  of  a  low-barrier  Ti-Ag  intermetallic  phase  at  the  GaN  surface 
may  be  more  important  than  the  formation  of  TiN  and/or  N  vacancies  near  the  interface. 


I.  INTRODUCTION 

Gallium  nitride  (GaN)  is  promising  not  only  for  blue 
light  emitting  devices,  but  also  for  high  power  transistors 
able  to  operate  at  high  temperatures  and  in  other  harsh 
environments.  Making  reliable  ohmic  contacts  is  one  of 
the  key  ingredients  in  realizing  such  devices. 

Currently,  titanium/aluminum  (Ti/Al)  metalization, 
usually  annealed  at  600  °C  to  900  °C,  is  the  most  pop¬ 
ular  choice  for  ohmic  contacts  to  n-type  GaN.  However, 
this  system  often  requires  special  surface  treatments  be¬ 
fore  the  metal  evaporation,  such  as  reactive  ion  etching 
(RIE)  [1],  pre-annealing  [2],  or  ion  implantation  [3],  to 
achieve  low  specific  contact  resistance  pc.  Moreover,  af¬ 
ter  annealing  at  high  temperatures,  A1  tends  to  ball-up 
severely  resulting  in  a  rough  surface,  and  the  rapid  oxida¬ 
tion  of  A1  makes  reliable  electrical  contact  difficult,  not 
alone  degraded  specific  contact  resistance  over  time. 

Compared  with  Al,  silver  (Ag)  has  lower  resistivity, 
higher  melting  temperature,  and  does  not  oxidize  much. 
We  have  investigated  Ti/Ag  ohmic  contacts  to  relative¬ 
ly  low-doped  (7xl017/cm3)  n-type  GaN  without  special 
surface  treatments,  other  than  the  usual  oxide  etch  before 
the  metal  evaporation.  The  previous  report  on  Ti/Ag 
contacts  was  on  very  high-doped  (1.7xl019/cm3)  GaN 
[4],  which  may  not  be  reproducible,  or  compatible  with 
practical  device  applications  such  as  diodes  or  field  effect 
transistors. 


II.  EXPERIMENTS 

The  GaN  wafer  used  in  this  work,  with  3.1  yum-thick 
n-type  GaN  grown  on  sapphire  substrate  by  MOCVD, 
was  purchased  from  EMCORE  Corporation.  The  charge 
density  and  the  electron  mobility  by  Hall  measurement 


were  7xl017  /cm3  and  380  cm2/Vs,  respectively.  Ti/Ag 
(300  A/ 1200  A)  layers  were  deposited  by  e-gun  evapo¬ 
ration  at  less  than  lxl0~6  Torr.  Ti/Al  (300  A/1200  A) 
contacts  were  also  fabricated  side  by  side  for  comparison. 
GaN  samples  were  briefly  etched  in  dilute  NH4OH  before 
the  metal  evaporation  to  remove  the  native  oxide  on  the 
surface.  No  other  surface  treatment  was  performed. 

Circular  TLM  patterns,  which  do  not  require  isolation 
etch,  were  defined  by  lift-off.  If  both  r\  and  r 2  are  much 
larger  than  four  times  Lt,  which  is  the  case  in  this  work, 
the  total  resistance  between  the  inner  and  the  outer  con¬ 
tacts  is  given  by 


with  Lt  =  \  I  ,  (1) 

V  Psc 

where  rx  is  the  radius  of  the  inner  contact,  r2  is  the  radius 
of  the  outer  contact,  ps  is  the  sheet  resistance  of  the  GaN, 
psc  is  the  sheet  resistance  of  the  GaN  under  the  metal 
contact,  pc  is  the  specific  contact  resistance,  and  Lt  is 
the  transfer  length  [5].  ps  and  psc  are  generally  not  equal, 
and  one  can  determine  both  values  with  additional  end- 
resistance  measurement  [6].  However,  since  the  accuracy 
of  the  end-resistance  value  may  be  questionable  as  the 
calculation  involves  taking  the  difference  between  large 
resistance  values,  ps  and  psc  are  assumed  to  be  identical 
in  this  work.  In  this  case,  equation  (1)  reduces  to 


(2) 


and  one  can  calculate  pc  by  a  non-linear  fit  to  the  mea¬ 
sured  TLM  data.  If  both  ri  and  r2  are  much  larger  than 
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d,  the  gap  distance  between  the  outer  and  the  inner  con¬ 
tacts  (r2  —  ri),  one  can  divide  Rtot  by  a  correction  factor 
given  by 


cf  = 


r2  In  j* 
d  ’ 


(3) 


to  compensate  for  the  geometric  differences  between  the 
circular  TLM  patterns  and  the  usual  rectangular  TLM 
patterns,  and  use  a  linear  fit  to  the  measured  TLM  data 
instead  of  the  non-linear  fit  to  calculate  pc ,  with  little 
additional  error  [2,5]. 


Rt  ot  ^  Ps 
cf  27t  r2 


(d  +  2  Lt), 


(4) 


In  this  work,  r2  was  fixed  at  200  /im,  with  d  of  5,  10, 
15,  20,  25,  30,  40  and  50  pm.  The  corresponding  cf  is 
1.013,  1.026,  1.040,  1.054,  1.068,  1.084,  1.116  and  1.151, 
respectively. 

Samples  were  annealed  at  620  °C  and  850  °C  for  30 
sec  in  a  flowing  N2  ambient  using  rapid  thermal  an¬ 
nealing  (RTA).  The  annealing  conditions  were  not  op¬ 
timized.  Current- voltage  (I-V)  characteristics  were  mea¬ 
sured  using  an  HP4155A  Semiconductor  Parameter  Ana¬ 
lyzer  with  the  current  compliance  set  at  100  mA,  and  pc 
was  obtained  using  equation  (4).  Ti/Ag  samples  were 
further  analyzed  by  secondary  ion  mass  spectrometry 
(SIMS)  using  CAMECA  ims-4f.  The  primary  ion  was 
O2  ,  with  the  ion  energy,  the  beam  current,  and  the  spot 
size  of  5.5  keV,  5xl0-8  A,  and  150  //m,  respectively. 


III.  RESULTS  AND  DISCUSSION 


Fig.  1.  I-V  characteristics  of  (a)  Ti/Al  contacts  and  (b) 
Ti/Ag  contacts. 


Fig.  1  shows  the  I-V  characteristics  of  Ti/Al  and  Ti/Ag 
contacts.  Both  contacts  were  rectifying  as  deposited.  Af¬ 
ter  annealing  at  620  °C,  Ti/Al  contacts  became  ohmic 
with  pc  of  8.8xl0“4  Qcm2,  showing  some  balling-up. 
Ti/Ag  contacts  showed  non-linear  characteristics  at  this 
temperature.  Ti/Al  contacts  annealed  at  850  °C  showed 
severe  balling-up,  with  degraded  pc  of  2xl0“3  Qcm2. 
Ti/Ag  contacts  were  ohmic  with  pc  of  9.5xl0-4  ftcm2, 
and  the  surface  morphology  was  very  smooth.  Probing 
Ti/Al  contacts,  especially  after  annealing,  was  very  diffi¬ 
cult  due  to  A1  oxidation.  The  probe  tips  had  to  be  forced 
down  quite  hard  to  penetrate  the  oxidized  surface  for  any 
consistent  measurement. 

Long-term  stability  of  these  contacts  was  investigat¬ 
ed.  pc  of  the  Ti/Al  contacts  annealed  at  620  °C  de¬ 
graded  from  8.8xl0-4  ficm2  to  1.5xl0~2  ficm2  in  three 
months,  a  17-fold  increase  (1700  %).  In  the  same  three 
month  period,  pc  of  the  Ti/Ag  contacts  annealed  at  850 
°C  degraded  from  9.5xl0-4  ftcm2  to  1.2xl0-3  Ocm2, 
only  a  25  %  increase.  The  surface  was  still  very  clean 
and  smooth,  without  any  sign  of  tarnish. 

Fig.  2  shows  the  results  of  SIMS  analysis  on  Ti/Ag 
contacts.  All  analyses  were  performed  on  the  same  day. 


From  the  as-deposited  sample,  distinct  peaks  of  Ti  and 
Ag  counts  are  observed,  showing  no  sign  of  mixing  of  the 
metal  layers.  After  annealing  at  620  °C,  some  mixing  of 
Ti  and  Ag  took  place,  but  the  two  peaks  are  still  separat¬ 
ed.  The  observed  Ti  diffusion  into  GaN  and  the  reduction 
of  N  count  near  the  interface  suggest  the  formation  of  TiN 
interfacial  layer  and  N  vacancies  near  the  interface.  This 
would  be  contrary  to  previous  reports  [7,8]  that  TiN  for¬ 
mation  requires  high  annealing  temperatures  above  900 
°C.  Since  the  I-V  characteristics  were  not  ohmic  at  this 
annealing  temperature  as  shown  in  Fig.  1(b),  it  would 
be  also  contrary  to  the  reports  [7-9]  that  the  formation 
of  TiN  and  N  vacancies  is  the  key  for  ohmic  contact  be¬ 
havior  when  Ti  is  the  contacting  metal  to  n-type  GaN. 
Complete  mixing  of  Ti  and  Ag  took  place  on  the  sample 
annealed  at  850  °C,  with  large  amount  of  Ag  at  the  GaN 
surface.  This  coincides  with  good  ohmic  characteristics 
as  shown  in  Fig.  1(b).  Luther  et  al  [10]  observed  AIN 
formation  at  the  interface  of  their  Ti/Al  ohmic  contacts, 
and  suggested  that  this  thin  AIN  layer  is  responsible  for 
the  ohmic  behavior.  Obviously,  this  is  not  the  case  in  our 
Ti/Ag  contacts  since  there  is  no  Al  to  form  AIN.  Anoth- 
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Fig.  2.  SIMS  analysis  of  Ti/Ag  contacts  (a)  as  deposited, 
(b)  after  620  °C  annealing,  and  (c)  after  850  °C  annealing. 


er  proposed  mechanism  of  Ti/Al  ohmic  contacts  is  that 
Ti  reduces  the  native  oxide  on  the  GaN  surface  and  Al 
diffuses  through  the  Ti  layer  to  make  contact  with  GaN 
in  the  form  of  an  Al-Ti  intermetallic  phase  that  has  a  low 
work  function  [11].  The  resulting  low  barrier  would  allow 
current  flow  by  thermionic  or  thermionic-field  emission. 
This  mechanism  can  explain  our  Ti/Ag  contacts  when  Al 
is  replaced  with  Ag.  Ohmic  behavior  was  observed  only 
after  Ag  reached  the  GaN  surface  after  annealing  at  850 
°C.  In  fact,  the  Schottky  barrier  height  of  Ag  on  GaN  is 
even  lower  than  that  of  Ti  or  Al  [12].  The  formation  of 
N  vacancies  would  also  aid  the  ohmic  contact  formation 


by  enhancing  the  thermionic-field  emission. 


IV.  SUMMARY 

We  have  fabricated  and  characterized  Ti/Ag  and  Ti/Al 
ohmic  contacts,  side-by-side,  to  relatively  low-doped 
(7xl017  /cm3)  n-type  GaN.  No  surface  treatments,  oth¬ 
er  than  the  oxide  etch  in  NH4OH,  were  performed  before 
the  metal  evaporation  and  RTA  annealing.  Ti/Ag  con¬ 
tacts  reached  a  specific  contact  resistance  of  9.5 xlCT4 
ficm2  after  annealing  at  850  °C.  Ti/Al  contacts  reached 
a  similar  value  after  annealing  at  620  °C,  and  the  val¬ 
ue  degraded  after  higher  temperature  annealing.  Unlike 
Ti/Al  contacts,  Ti/Ag  contacts  showed  very  smooth  sur¬ 
face  morphology  and  excellent  reliability.  The  specific 
contact  resistance  of  Ti/Ag  contacts  increased  only  by  25 
%  in  three  months,  while  that  of  Ti/Al  contacts  showed 
17-fold  increase  in  the  same  period.  Ti/Ag  ohmic  con¬ 
tacts  should  be  very  useful  in  devices  requiring  long-term 
stability.  I-V  and  SIMS  analysis  suggest  that  the  for¬ 
mation  of  a  low-barrier  Ti-Ag  intermetallic  phase  at  the 
GaN  surface  may  be  more  important  than  the  formation 
of  TiN  and/or  N  vacancies  near  the  interface  in  achieving 
ohmic  behavior  in  this  contact  system. 
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Electrical  and  optical  properties  of  Mg-doped  GaN  films  grown  by  metalorganic  chemical  vapor 
deposition  are  investigated  as  a  function  of  the  Cp2Mg  flow  rates  through  the  Hall  effect  and  photo¬ 
luminescence  measurements.  It  is  found  that  there  is  a  critical  flow  rate  of  Cp2Mg  at  which  the  hole 
concentration  is  maximum  and  the  resistivity  is  minimum,  simultaneously.  The  activation  energy  of 
shallow  Mg  acceptor  is  obtained  about  160  meV  from  the  temperature  dependent  Hall  effect  mea¬ 
surement.  In  case  of  high  Mg  incorporation,  we  found  that  Mg-related  deep  donors  (£<*=540  meV) 
compensate  the  shallow  acceptors.  The  strong  blue  emission  around  2.72  eV  of  as-grown  Mg-doped 
p-type  GaN  is  sharply  decreased  after  thermal  annealing.  This  result  indicates  that  the  thermal 
annealing  activates  hydrogen  passivated  deep  levels  as  well  as  Mg-H  complexes. 


I.  INTRODUCTION 

The  group  III  nitrides  are  strong  candidates  for  blue 
light  emitting  diodes  (LEDs)  and  laser  diodes  (LDs)  [1]. 
In  order  to  realize  these  devices,  it  is  important  that 
high  quality  films  and  doping  control  in  both  n-  and  p- 
type  should  be  achieved.  Because  of  the  absence  of  lat¬ 
tice  matched  substrate,  GaN  thin  film  on  sapphire  sub¬ 
strate  using  heteroepitaxy  includes  many  structural  de¬ 
fects  such  as  high  density  of  threading  dislocations  that 
act  as  scattering  centers  of  mobile  carriers  [2].  In  ad¬ 
dition  to  this,  high  background  electron  concentrations 
coming  from  nitrogen  vacancy  of  undoped  GaN,  hydro¬ 
gen  passivation  of  Mg  acceptor  and  donor  compensation 
induced  Mg-related  complexes  make  it  more  difficult  to 
grow  a  p-type  GaN  with  high  hole  concentration  [3-5]. 
Nevertheless,  high  efficient  blue  LEDs  and  LDs  were  fab¬ 
ricated  on  sapphire  substrate  using  Mg-doped  GaN  as  a 
p-contact  electrode  [6,7].  But  it  is  still  necessary  to  en¬ 
hance  hole  concentration  for  the  improvement  of  LEDs 
and  LDs  performance.  Until  now,  to  our  knowledge,  us¬ 
ing  MOCVD  only  a  few  groups  obtain  the  hole  concen¬ 
tration  of  -1018  cm”3  [8].  Therefore,  in  order  to  obtain 
Mg-doped  GaN  films  of  the  high  hole  concentration  and 
low  resistivity,  the  physical  properties  of  Mg-doped  GaN 
must  be  understood  more  profoundly. 

In  this  study,  the  electrical  and  optical  properties  of 
Mg-doped  GaN  with  different  Cp2Mg  flow  rates  during 
the  growth  were  investigated,  which  are  grown  on  sap¬ 
phire  substrate  by  metalorganic  chemical  vapor  deposi¬ 
tion. 

*  E-mail:  kylim@phyo.chonbuk.ac.kr 


II.  EXPERIMENT 

Mg-doped  GaN  epitaxial  layers  were  grown  on  (0001) 
oriented  sapphire  substrates  by  a  horizontal  rotating 
MOCVD  equipment.  We  used  bis-cyclopentadienyl- 
magnesium  (Cp2Mg),  trimethylgallium  and  ammonia,  as 
Mg,  Ga  and  N  sources,  respectively.  Before  loaded  into 
the  reactor,  sapphire  substrates  were  rinsed  in  organic 
solvents  and  etched  in  H2SC>4:H3P04=3:1  hot  solution 
for  3  min.  After  loaded,  high  temperature  thermal  clean¬ 
ing  was  conducted  in  H2  ambient  for  10  min  at  1150  °C. 
A  25  nm  thick  GaN  buffer  layer  was  deposited  at  560  °C. 
After  then,  Mg-doped  GaN  layers  were  deposited  under 
different  Cp2Mg  flow  rates  at  1080  °C  for  1  hour  using 
hydrogen  carrier  gas.  Cp2Mg  flow  rate  was  varied  from 
0.6  to  4.2  /imol/min.  Layers  thickness  were  estimated  to 
1~2  pL m  by  scanning  electron  microscope  (SEM).  All  as- 
grown  Mg-doped  GaN  showed  a  p-type  conduction,  but 
the  hole  concentrations  were  low  and  resistivities  were 
high.  Therefore,  all  samples  were  activated  by  rapid  ther¬ 
mal  annealing  (RTA)  for  dissociation  of  Mg-H  bonding. 
RTA  treatment  was  conducted  in  a  N2  ambient  at  800 
°C  for  40  sec. 

The  electrical  properties  of  the  grown  samples  were 
evaluated  by  van  der  Pauw  Hall  measurement.  The  opti¬ 
cal  characteristics  were  measured  by  photoluminescence 
(PL)  using  325  nm  He-Cd  laser  at  room  temperature. 


III.  RESULTS  AND  DISCUSSIONS 

We  have  examined  the  effects  of  Cp2Mg  flow  rate 
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Fig.  1.  Hole  concentration  and  resistivity  depending  on  the 
Cp2Mg  flow  rate  from  0.6  to  4.2  ^mol/min  after  RTA  thermal 
annealing. 

(fcp2Mg)  dependence  on  hole  concentration  and  resis¬ 
tivity.  Cp2Mg  flow  rates  are  varied >  from  0.6  to  4.2 
/imol/min.  As-grown  Mg-doped  GaN  films  show  the  p- 
type  conduction  of  middle  1016  cm-3.  After  RTA  treat¬ 
ment,  hole  concentration  was  increased  by  approximate¬ 
ly  one  order.  These  results  are  plotted  in  Fig.  1.  As 
shown  in  Fig.  1,  we  know  that  there  is  a  critical  point 
in  Cp2Mg  flow  rate  to  obtain  a  maximum  hole  con¬ 
centration  and  a  minimum  resistivity.  At  fcp2Mg=0.85 
/imol/min,  the  maximum  hole  concentration  of  6.4xl017 
cm-3  and  the  minimum  resistivity  of  0.8  Q-cm.  is  ob¬ 
tained.  Below  this  flow  rate  (fcP2Mg<0.85  /zmol/min),  as 
the  Cp2Mg  flow  rate  is  increased  hole  concentration  (re¬ 
sistivity)  is  increased  (decreased).  Above  this  flow  rate 
(fcp2Mg>0.85  /imol/min)  as  the  Cp2Mg  flow  rate  is  in¬ 
creased  hole  concentration  (resistivity)  is  decreased  (in¬ 
creased).  This  behavior  is  considered  that  in  the  region  of 
fcp2Mg<0.85  /imol/min,  the  incorporated  Mg  contribute 
to  raise  hole  concentration,  in  other  words,  most  of  in¬ 
corporated  Mg  are  substituted  for  Ga  site.  But  in  the  re¬ 
gion  of  fcP2Mg>0.85  /imol/min,  two  possibilities  are  con¬ 
sidered.  One  is  the  hydrogen  passivation  of  shallow  Mg 
acceptor  [4] ,  the  other  is  the  compensation  of  Mg-related 
donor  [5].  In  case  of  the  former,  the  more  Mg  is  incorpo¬ 
rated,  the  less  Mg-H  bonding  is  broken  as  compared  to 
that  of  fcP2Mg=0.85  /imol/min  when  as-grown  Mg-doped 
GaN  is  activated  at  the  same  RTA  conditions.  As  a  con¬ 
sequence,  though  Mg  is  more  incorporated,  hole  concen¬ 
tration  is  not  increased.  However,  such  Mg-H  complex 
alone  does  not  well  explain  the  decrease  of  the  hole  cori- 
centration  with  the  increase  of  Mg  concentration.  In  case 
of  the  latter,  all  of  incorporated  Mg  do  not  contribute  to 
raise  the  hole  concentration,  that  is,  as  the  Mg  is  more  in¬ 
corporated,  other  sites  (Mg-interstitial  etc.)  rather  than 


Fig.  2.  Arrhenius  plot  of  hole  concentration  of  Mg-doped 
GaN  film  with  fcp2Mg=0.85  /imol/min.  Solid  circles  and  sol¬ 
id  line  indicate  experimental  values  and  fitted  curve,  respec¬ 
tively.  Inset  shows  resistivity  and  mobility  as  a  funtion  of 
temperature. 


Ga-substitutional  sites  augment  more  and  more.  Recent¬ 
ly,  its  possibility  was  reported  that  Mg-interstitials  and 
N-vacancies  could  be  formed  as  compensating  donor  com¬ 
plexes  [9].  These  deep  donors  decrease  the  hole  concen¬ 
tration  and  increase  the  resistivity.  Introduction  to  deep 
donor  formation  is  well  consistent  with  PL  spectra  dis¬ 
cussed  later. 

Figure  2  shows  the  Arrhenius  plot  of  temperature 
dependent  Hall  characterization  of  the  sample  with 
fcp2Mg=0.85  /imol/min.  From  the  Fig.  2,  it  is  estimated 
that  a  shallow  Mg  acceptor  ionization  energy  is  about 
160  meV.  This  value  shows  a  good  agreement  with  that 
reported  elsewhere  [10].  Inset  in  Fig.  2  represents  the  re¬ 
sistivity  and  mobility  as  a  function  of  temperature.  Mo¬ 
bility  increases  with  increasing  temperature  up  to  200  K. 
Above  200  K,  mobility  gradually  decreases.  The  behavior 
is  interpreted  that  ionized  impurity  scattering  dominates 
below  200  K  and  lattice  scattering  dominates  above  200 
K.  However,  if  it  is  assumed  that  the  temperature  depen¬ 
dence  of  mobility  is  nearly  constant  in  the  temperature 
range  150  K  to  350  K,  resistivity  (or  conductivity)  is  de¬ 
termined  by  hole  concentration  not  mobility  as  shown 
Fig.  2.  Therefore,  in  order  to  obtain  p-type  GaN  with 
low  resistivity,  high  hole  concentration  is  necessary. 

Figure  3  shows  room  temperature  PL  spectra  of  as- 
grown  Mg-doped  GaN  with  different  Cp2Mg  flow  rates. 
In  case  of  fcP2Mg<0.85  /imol/min,  two  dominant  peaks 
are  observed.  One  is  the  transition  from  a  conduction 
band  to  valence  band  (e-h)  at  3.415  eV.  (this  peak  posi¬ 
tion  corresponds  to  band-edge  peak  of  our  undoped  GaN 
at  room  temperature  PL.)  and  the  other  is  a  conduc¬ 
tion  band  to  shallow  acceptor  (e-A°)  at  3.241  eV.  On 


Investigations  of  Mg-doped  GaN  grown  by  Metalorganic  *  ■  ■  -  C.  S.  Oh  et  al. 


-S403- 


Energy  (eV) 

Fig.  3.  Room  temperature  PL  spectra  of  Mg-doped  GaN 
films  with  different  Cp2Mg  flow  rate. 


Energy  (eV) 

Fig.  4.  Room  temperature  PL  spectra  of  Mg-doped  GaN 
film  with.  fcP2Mg=3.2  jtmol/min  before  and  after  RTA  treat¬ 
ment. 


the  other  hand,  fcp2Mg>0.85  //mol/min,  a  blue  emission 
peak  is  observed  at  2.728  eV.  The  blue  emission  indi¬ 
cates  that  Mg  concentration  was  incorporated  above  1019 
cm"3  [11].  The  blue  emission  is  attributed  to  donor  ac¬ 
ceptor  pair  (DAP)  transition  [12].  Mg-interstitial  and  N- 
vacancy  complex  are  possible  candidate  for  deep  donors 
as  mentioned  previously  [9].  From  the  equation  of  hv  = 
Eg  —  ( Ea  +  Ed)  +  Ec  [13],  deep  donor  activation  energy 
(Ed)  is  estimated  about  540  meV  by  electrically  measured 
acceptor  binding  energy  ( Ea )  of  160  meV,  Coulomb  inter¬ 
action  energy  ( Ec )  of  15  meV  [14]  and  bandgap  energy 
(Eg)  of  3.415  eV.  From  Fig.  3  and  Fig.  1,  whenever 
as-grown  Mg-doped  GaN  shows  blue  emission  at  room 
temperature,  its  hole  concentration  exhibit  at  least  over 
1017  cm-3  after  RTA  treatment.  However,  Tokunaga  et 
al  [15]  reported  that  p-type  conduction  is  obtained  after 
thermal  activation  when  as-grown  Mg-doped  GaN  shows 
only  the  band  to  band  transition.  However,  this  differ¬ 
ence  is  not  clearly  understood  yet. 

Figure  4  shows  the  room  temperature  PL  spectra  of 
Mg-doped  GaN  with  fcp2Mg=3.2  /imol/min  before  and 
after  RTA  treatment.  Nakamura  et  al.  reported  that  the 
blue  emission  intensity  of  Mg-doped  GaN  was  increased 
after  thermal  annealing  [16].  The  increase  of  blue  emis¬ 
sion  intensity  after  thermal  annealing  was  blamed  for  the 
increase  of  number  of  the  active  Mg  acceptor  related  with 
the  blue  emission,  which  is  originated  from  the  activation 
of  hydrogen  passivated  Mg.  However,  in  our  case,  the 
blue  emission  intensity  of  the  thermally  annealed  sam¬ 
ple  is  steeply  decreased  compared  with  as-grown  sample, 
as  shown  in  Fig.  4.  As  mentioned  in  Fig.  1,  hole  con¬ 
centration  of  our  Mg-doped  GaN  is  increased  by  one  or¬ 
der  compared  with  as-grown  one  after  RTA  treatment. 
Therefore,  it  is  necessary  to  compensate  the  annealing 
effect  for  PL  intensity.  It  can  be  inferred  from  the  fact 


that  the  RTA  treatment  activates  the  hydrogen  passivat¬ 
ed  Mg  as  well  as  non-radiative  defect  centers,  as  reported 
by  Li  et  al  [17].  We  consider  that  dislocation  induced 
defects  might  be  responsible  for  such  behavior.  A  trans¬ 
mission  electron  microscopy  revealed  that  our  Mg-doped 
GaN  film  has  the  dislocation  density  of  — 1011  cm"2.  Be¬ 
fore  the  RTA  treatment,  these  defects  are  passivated  by 
hydrogen  resulting  in  charge  neutralization,  which  are 
not  acted  as  non-radiative  centers.  However,  after  the 
RTA  treatment,  these  passivated  defect  centers  are  also 
activated  and  charged,  which  are  acted  as  non-radiative 
centers  causing  PL  intensity  reduction. 


IV.  SUMMARY 


The  electrical  and  optical  properties  of  Mg-doped  GaN 
films  have  been  investigated  as  a  function  of  Cp2Mg  flow 
rates.  A  shallow  Mg  acceptor  activation  energy  is  ob¬ 
tained  about  160  meV  from  the  temperature  dependent 
Hall  effect  measurement.  At  fcp2Mg=0.85  //mol/min,  the 
maximum  hole  density  is  6.4xl017  cm-3  and  the  min¬ 
imum  resistivity  is  0.8  Q-cm.  Mg- related  deep  donor 
(£^=540  meV)  compensation  plays  an  important  role 
in  heavily  Mg-incorporated  GaN  in  terms  of  electrical 
and  optical  properties.  The  RTA  treatment  activates 
hydrogen-passivated  deep  levels  as  well  as  Mg-H  com¬ 
plexes. 
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Si  doped  and  Si-Zn  codoped  InGaN  films  were  grown  by  low  pressure  metalorganic  chemical  vapor 
deposition.  The  InGaN  surface  is  characterized  by  hexagonal  spiral  growth  around  threading  dislo¬ 
cation  that  Si  dopant  act  on  core  of  InGaN  island  with  screw  component.  In  solid  solubility  is  related 
dopant  flow.  Zn  related  donor-acceptor  emission  was  observed  at  photoluminescence  spectra.  The 
2-dimensional  high  resolution  x-ray  reciprocal  space  mapping  reveals  InGaN/GaN  pseudomorphic 
compressive  strained  structures,  indicating  coherency  of  InGaN/GaN  heterostructures. 


I.  INTRODUCTION 

InGaN  and  AlGaN  ternary  alloys  attract  a  lot  of  at¬ 
tention  recently  due  to  their  interesting  physical  prop¬ 
erties  making  them  promising  materials  for  short  wave¬ 
length  light  emitters.  InGaN  alloys  have  been  attracting 
much  attention  as  active  layers  for  the  fabrication  of  blue 
light  emitting  diodes  (LEDs)  and  laser  diodes  (LDs)..In 
spite  of  the  fact  that  the  growth  process  occurs  in  the 
presence  of  a  large  number  of  the  threading  dislocations, 
blue  LEDs  using  of  Si-Zn  codoped  InGaN  active  layer 
have  been  already  fabricated  [1] .  Epilayers  and  quantum 
wells  based  on  InGaN/GaN  have  proved  to  exceptionally 
efficient  photoemmitters  at  room  temperature.  However, 
the  relationships  of  optical  emission  efficiency  and  flow 
rates  of  dopant  materials  was  not  elucidated  clearly.  In 
this  work,  we  report  the  optimal  growth  conditions  of 
InGaN  layers  with  Si-Zn  codoping  and  the  relationship 
between  structural  and  optical  properties  and  dopant  gas 
flow  Tates. 

II.  EXPERIMENT 

All  films  were  grown  by  low  pressure  metalorganic 
chemical  vapor  deposition  using  trimethylgalium  (TM- 
Ga),  trimethylindium  (TMIn)  and  ammonia  as  precu- 
sors  on  c-plane  sapphire  substrates.  Silane  (SiH^  and 
diethylzinc  (DEZn)  was  used  as  Si  and  Zn  dopant,  re¬ 
spectively.  The  sapphire  substrate  was  degreased  in  boil¬ 
ing  organic  solvents,  etched  in  3H2SO4  :  H3PO4  acid 


*  E-mail:  kylim@ phyo. chonbuk.  ac.kr 


chemical  solution  and  rinsed  deionized  water.  In  order 
to  relieve  the  lattice  mismatch  between  GaN  and  sap¬ 
phire  substrate,  the  conventional  GaN  buffer  layers  were 
deposited  at  560  °C,  followed  by  the  growth  of  a  2  /zm 
thick  GaN  films  at  1120  °C  and  H2  ambient.  The  In¬ 
GaN  growth  was  initiated  after  cooling  the  GaN  film  to 
750~850  °C  and  changing  N2  carrier  gas  ambient.  Af¬ 
terwards  the  InGaN  films  were  grown  at  the  different 
temperatures  and  flow  rate  of  source  and  dopant  mate¬ 
rials.  First,  we  grew  InGaN  films  at  different  growth 
parameters  and  the  characteristics  of  the  grown  samples 
were  analyzed  by  photoluminescence  (PL),  high  resolu¬ 
tion  x-ray  diffraction  (HXRD),  atomic  force  microscope 
(AFM).  The  optimized  growth  temperature  of  high  qual¬ 
ity  InGaN  films  was  880  °C  and  [TMIn]/[TMIn+TMGa] 
is  0.8.  The  200  nm  InGaN  films  for  above  growth  condi¬ 
tions  were  obtained.  PL  peak  wavelength  of  band  edge 
emission  and  double  crystal  x-ray  rocking  curve  FWHM 
of  (002)  plane  is  3895  A  and  676  arcsec,  respectively. 
For  the  purpose  of  blue  emission,  we  grew  the  Si  and  Zn 
codoped  InGaN/GaN  heteroepitaxial  layers. 

III.  RESULTS  AND  DISCUSSIONS 

Figure  1  shows  the  AFM  images  of  the  Si  doped  In¬ 
GaN  films  with  a  SiH4  flow  of  (a)  1.05  nmol/min,  (b)  2.06 
nmol/min.  The  InGaN  surface  is  characterized  by  spiral 
growth  around  threading  dislocations  with  screw  com¬ 
ponent  [2].  The  spiral  height  and  diameter  decreased 
with  increasing  SiH4  flow.  Thereby,  spiral  mono  layer 
step  on  islands  relax  to  lateral  direction,  randomly.  And 
the  valley  depth  between  islands  decreased.  This  result 
indicates  InGaN  smooth  surface  mode  which  Si  act  on 
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Fig.  1.  Atomic  force  microscope  images  of  the  surface  of  Si 
doped  InGaN  films  with  (a)  SiH4  flow  1.05  nmol/min  and  (b) 
SiH4  flow  2.06  nmol/min.  Total  vertical  scale  is  3  fim. 


core  of  InGaN  spiral  islands.  Comparing  the  sample  (a) 
1.05  nmol/min  SiH4  flow  with  (b)  2.06  nmol/min  SiH4 
flow,  we  found  that  the  splitting  of  the  2 0-u  scan  for 
(002)  plane  diffraction  between  GaN  and  InGaN  is  not 
changed  by  SiH4  flow.  Therefore,  in  this  Si  doping  range, 
the  peak  position  of  3830  A  of  room  temperature  photolu¬ 
minescence  band  edge  emission  is  almost  the  same  value. 
But  PL  intensity  was  reduced  and  FWHM  increase  with 
increasing  SiH4  flow.  These  results  indicate  that  In  solid 
composition  was  not  changed  by  SiH4  flow.  However,  in 
the  heavily  Si  doped  InGaN  films,  the  grain  size  becomes 
small  and  grain  boundary  larger  as  shown  in  figure  1. 

The  effect  of  DEZn  flow  on  Si-Zn  codoped  InGaN  film 
was  showed  in  figures  2,3.  Figure  2  is  HXRD  2 0-w  rock¬ 
ing  curves  of  (002)  plane.  The  splitting  between  GaN 
and  InGaN  increase  up  to  the  DEZn  flow  rate  of  6.08 
nmol/min  and  then  decrease  with  increasing  the  flow 


2 0  (deg.) 

Fig.  2.  High  resolution  x-ray  diffraction  26-u  rocking 
curves  of  Si-Zn  codoped  InGaN  films  under  the  same  SiH4 
flow  1.05  nmol/min.  DEZn  flow  is  (a)  0  nmol/min,  (b)  4.05 
nmol/min,  (c)  6.08  nmol/min,  (d)  8.11  nmol/min,  (e)  9.46 
nmol/min. 


rate  of  DEZn.  Figure  3  shows  the  room  temperature 
PL  spectroscopy  (a)  and  the  PL  peak  position  of  InGaN 
band  edge  emission  and  FWHM  of  them  (b).  The  band 
edge  emission  peaks  increase  up  DEZn  flow  rate  of  6.08 
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Fig.  3.  Room  temperature  photoluminescence  spectra  (a)  and  the  PL  peak  position  and  FWHM  of  band  edge  eission  (b)  of 
Si-Zn  codoped  InGaN  films  under  the  same  SiH4  flow  1.05  nmol/min. 
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(002)  HR-RSMs 


(204)  HR-RSMs 


Fig.  4.  The  (002)  symmetry  plane  HR-RSMs  and  the  (204)  asymmetry  plan  HR-RSMs  of  Si-Zn  codoped  InGaN  films  under 
the  same  SiH4  flow  1.05  nmol/min.  DEZn  flow  is  (a),  (d)  0  nmol/min,  (b),  (e)  6.08  nmol/min,  (c),  (f)  9.46  nmol/min. 


nmol/min  and  then  decrease  more  DEZn  flow,  Howev¬ 
er  Zn  related  deep  emission  PL  intensity  increase  with 
DEZn  flow.  Under  the  low  DEZn  flow  on  InGaN  growth, 
We  consider  that  Zn  act  on  surfactant  and  increase  In  sol¬ 
id  solubility  efficiency.  But  excess  DEZn  flows  disturb  to 
diffuse  In  radicals  to  surface  at  gas  flow  boundary  layer, 
and  In  solid  compositions  are  decreased. 

The  lattice  coherence  of  InGaN/GaN  heterostructure 
was  showed  figure  4  which  are  high  resolution  x-ray  re¬ 
ciprocal  space  mapping  (HR-RSM)  of  (002)  symmetry 
planes  and  (204)  asymmetry  planes  of  Si-Zn  codoped  In¬ 
GaN  film.  It  is  well  showed  that  GaN  and  InGaN  diffrac¬ 
tion.  InGaN  diffraction  is  elongated  along  the  26-w  scan 
axis.  The  diffraction  intensity  is  related  to  the  lattice 
relaxation  and  density  of  various  dislocations  [3,4].  The 
spreading  of  HR-RSM  indicate  GaN  and  InGaN  features 
aligned  along  the  surface  normal  direction.  According  to 
Bragg’s  law 

2dsin0  =  mX} 

lattice  thickness  variation  ( d )  and  tilt  variation  (0)  of  re¬ 
flection  plane  is  displayed  20-cj  scan  and  u  scan,  respec¬ 
tively  [5].  The  w  scan  provides  information  on  the  mosaic 
structure  of  the  films  and  the  peak  width  of  the  2 6-u>  scan 
provides  more  direct  information  on  the  crystal  coher¬ 
ence  which  can  be  directly  related  to  defects  caused  by 
the  spiral  growth  component  of  InGaN  films  and  pseudo- 


morphic  compressive  strained  InGaN/GaN  heteroepitax- 
ial  films  [6,7].  In  figure  4,  (002)  symmetry  plane  HRRSM 
is  showed  well  the  splitting  of  between  GaN  and  InGaN. 
The  dispersion  of  InGaN  x-ray  diffraction  intensity  elon¬ 
gate  along  2 6-u  scan  axis  and  u>-scan  width  of  InGaN 
film  is  smaller  than  one  of  GaN.  The  closure  failure  of  a 
screw  dislocation  of  InGaN  film  leads  to  a  Burgers  vector 
parallel  to  the  dislocation  line.  In  this  case,  lattice  fluc¬ 
tuations  of  c-axis  are  increased  and  displayed  2 6-u  scan 
broadening.  These  results  indicate  InGaN  film  is  spiral 
growth  and  relaxed  mosaic  structure. 

In  order  to  investigate  the  more  information  related 
dislocations  and  structural  defects,  we  measure  the  (204) 
asymmetry  plane  HR-RSM  and  showed  figure  4(d),  (e), 
(f).  This  figure  is  marked  reciprocal  lattice  unit  (RLU) 
and  inner  square  is  showed  real  space  axis  unit  of  26-uj 
and  <jj  scan.  According  to  this  result,  we  can  also  con¬ 
clude  the  strained  state  of  InGaN/GaN  heterostructure 
film  and  all  films  are  grown  coherently  on  GaN  layer. 

IV.  SUMMARY 

The  doped  InGaN  heteroepitaxial  thin  films  were 
grown  by  low  pressure  metalorganic  chemical  vapor  de¬ 
position.  The  growth  of  Si  doped  and  Si-Zn  codoped  In¬ 
GaN  films  relate  to  various  growth  conditions  and  dopant 
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flows.  We  found  the  origin  of  InGaN  spiral  growth  mode 
was  result  that  Si  dopant  act  as  core  of  spiral  growth 
with  screw  components.  Under  the  low  DEZn  flow,  Si-Zn 
codoped  InGaN  films  increase  HXRD  splitting  between 
GaN  and  InGaN  and  Zn  related  PL  emission  efficiency 
with  increasing  DEZn  flow.  Also,  pseudomorphic  com¬ 
pressive  strain  exists  on  InGaN /GaN  heterostructure. 
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We  investigated  the  effects  of  growth  rate  during  the  growth  of  GaN  buffer  layer  on  the  GaN 
epilayer.  It  was  found  that  the  growth  rate  of  the  GaN  buffer  layer  plays  a  key  role  in  improving 
the  quality  of  GaN  film  on  a  sapphire  and  optimum  growth  rate  is  in  existence  to  show  best  crystal 
quality.  The  improvements  obtained  from  changing  buffer  growth  rate  are  explained  by  the  promo- 
tion  of  lateral  growth  mode  under  optimum  buffer  growth  rate.  Besides,  We  have  observed  edge 
dislocations  among  several  threading  dislocation  components  existing  in  GaN  epilayer  are  related 
with  the  reduction  of  electron  Hall  mobility  and  optical  luminescence  efficiency. 


I.  INTRODUCTION 

The  crystal  growth  of  GaN  and  its  related  alloy  mate¬ 
rials  has  been  widely  investigated  because  of  their  poten¬ 
tial  applications  of  optoelectronic  devices  [1].  A  major 
obstacle  to  growing  high  quality  GaN  epilayer  and  man¬ 
ufacturing  optoelectronic  devices  on  a  sapphire  substrate 
is  the  mismatch  in  lattice  constant  and  thermal  expan¬ 
sion  coefficient  between  GaN  and  the  sapphire  substrate. 
This  commonly  results  in  a  large  amount  of  misfit  and 
threading  dislocations  to  the  GaN  epilayer.  For  the  di¬ 
rect  growth  of  GaN  on  sapphire,  the  growth  of  the  GaN 
layer  with  high  compensation  mobility  and  low  optical  ef¬ 
ficiency  is  inevitable  [2].  Therefore,  two  step  growth  with 
a  low  temperature  grown  buffer  layer,  which  is  believed 
to  provide  a  number  of  nucleation  sites  for  the  subse¬ 
quent  GaN  growth,  is  imperative  in  the  growth  of  the 
GaN  film  with  a  flat  surface  and  device  quality  on  the 
sapphire  substrate  [3].  It  is  therefore  essential  to  under¬ 
stand  how  this  buffer  layer  grows  and  how  buffer  layer 
growth  parameters  affect  on  the  GaN  epilayer.  Besides, 
it  is  important  know  the  mechanism  of  the  compensa¬ 
tion  of  electron  mobility  and  the  abatement  of  optical 
efficiency  in  GaN  films,  which  is  elusive  up  to  now. 
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In  this  study,  we  demonstrate  that  the  GaN  buffer 
growth  rate  plays  a  deterministic  role  to  enhance  the 
crystal  qualities  of  GaN  epilayer.  In  addition,  it  is  dis¬ 
cussed  that  the  edge  dislocations  among  several  disloca¬ 
tion  components  play  a  role  to  reduce  the  electron  Hall 
mobility  and  optical  luminescence  intensity. 

II.  EXPERIMENT 

The  samples  were  grown  in  a  horizontal  metalorgan- 
ic  chemical  vapor  deposition  reactor  operating  at  a  low 
pressure.  The  source  materials  of  GaN  are  trimethylgal- 
lium  (TMGa)  and  ammonia  (NH3)  for  Ga  and  N  pre¬ 
cursors,  respectively.  Basal  c-plane  sapphire  substrates 
were  used  after  degreased  in  organic  solvents  and  etched 
in  a  hot  solution  of  3H2SO4  :  IH3PO4.  After  loaded  into 
the  reactor,  the  substrates  were  thermally-cleaned  in  H2 
ambient  for  10  minutes  at  1100  °C.  Nominal  25  nm-thick 
GaN  buffer  layers  with  different  growth  rates  from  4.56 
to  20.58  nm/min  were  deposited  at  560  °C  by  varying 
TMGa  flow  rates.  Afterwards,  undoped  GaN  overlayers 
were  grown  on  the  buffer  layers  at  a  high  temperature  of 
1080  °C  for  1  hour,  where  the  flow  rate  of  TMGa  was 
112  ^mol/min.  The  growth  rates  of  the  GaN  buffer  lay¬ 
ers  were  determined  by  optical  reflectivity  method  after 
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GaN  Buffer  Growth  Rate  (nm/min) 

Fig.  1.  Dependence  of  electron  Hall  mobility  (solid  circle) 
and  carrier  concentration  (open  circle)  at  room  temperature 
on  the  growth  rate  during  the  growth  of  the  GaN  buffer  layer. 


growing  only  buffer  layers  for  2  hours.  The  flow  rate  of 
NH3  during  the  growth  of  the  GaN  buffer  and  overlayers 
was  kept  constant  to  156  mmol/min. 


III.  RESULTS  AND  DISCUSSION 

1.  The  Effects  of  GaN  Buffer  Growth  Rate 

Figure  1  shows  the  variation  of  the  electron  Hall  mo¬ 
bility  and  carrier  concentration  at  room  temperature  of 
GaN  overlayers  with  different  growth  rates  for  the  GaN 
buffer  layers.  The  conventional  van  der  Pauw  Hall  mea¬ 
surement  was  used  for  the  electrical  characterization. 
The  mobility  abruptly  increases  from  54  to  539  cm2/Vs 
while  the  growth  rate  varies  from  4.56  to  18.3  nm/min. 
A  further  increase  of  the  growth  rate  to  20.58  nm/min 
makes  the  mobility  decrease  to  a  value  of  514  cm2/Vs. 
There  is  also  a  significant  change  in  the  carrier  concen¬ 
tration.  As  the  growth  rate  increases  from  4.56  to  13.74 
nm/min,  the  carrier  concentration  rapidly  decreases  and 
has  minimum  value  of  4.2xl016  cm-3  at  a  growth  rate 
of  13.74  nm/min.  If  the  growth  rate  is  larger  than  13.74 
nm/min,  the  carrier  concentration  undergoes  small  in¬ 
crease  and  then  saturates  to  approximately  9 x  10^  cm-3. 

Figure  2  shows  the  conventional  cross-sectional  TEM 
images  obtained  in  bright  field  using  two-beam  diffrac¬ 
tion  conditions.  For  buffer  growth  rates  of  4.56  and 
18.3  nm/min,  the  TEM  images  of  GaN  overlayer  under 
g=[002]  are  shown  in  Fig.  2(a)  and  (b),  respectively. 
Under  active  beam  of  g=[002],  screw  (b=±[001])  and 
mixed  type  dislocations  (b=±[101],  ±[011],  or  [111])  can 
be  visible  by  applying  g  b  criteria  [4].  However,  the  pure 
edge  dislocations  (b=±[100],  ±[110],  or  ±[010])  are  invis¬ 
ible.  Therefore,  the  TEM  images  of  GaN  films  with  buffer 


Fig.  2.  Bright  field  TEM  images  taken  in  cross  section  of 
GaN  films  with  buffer  growth  rate  of  4.56  [(a)  and  (c)]  and 
18.30  nm/min  [(b)  and  (d)]  when  the  active  beam  direction 
is  (a)  [002],  (b)  [002],  (c)  [110],  and  (d)  [110]. 


growth  rates  of  4.56  and  18.3  nm/min  under  g=[110]  are 
simultaneously  provided  in  Fig.  2(c)  and  (d),  respective¬ 
ly.  In  this  diffraction  beam  condition,  the  dislocations 
with  pure  edge  character  as  well  as  mixed-type  disloca¬ 
tions  are  visible.  Total  threading  dislocation  densities 
of  GaN  epilayers  with  buffer  growth  rates  of  4.56  and 
18.3  nm/min  are  approximately  6xl09  cm"2  and  2xl08 
cm-2,  respectively.  The  GaN  film  grown  with  a  relatively 
high  buffer  growth  rate  has  a  low  dislocation  density. 

In  order  to  clarify  the  effects  of  the  embedded  buffer 
layer  on  the  epilayer  quality  as  a  function  of  growth  rate, 
the  GaN  buffer  layers  with  different  growth  rates  were 
prepared  and  then  the  surfaces  of  them  were  evaluated 
by  atomic  force  microscopy  (AFM).  The  AFM  images  of 
as-grown  GaN  buffer  layers  with  growth  rates  of  4.56, 
11.46,  and  18.3  nm/min  are  displayed  in  Fig.  3(a),  (b), 
and  (c),  where  the  surface  rms  roughness  are  1.2,  0.48, 
and  0.3  nm,  respectively.  The  surface  roughness  is  in¬ 
creased  as  the  buffer  growth  rate  decreases.  The  surface 
roughness  and  the  structure  of  GaN  buffer  layer  might  be 
related  with  the  migration  velocity  of  Ga  species  under 
constant  N  pressure  when  GaN  grows  in  a  facet  growth 
mode  during  the  coalescence  of  GaN  islands.  Ramer  et  al 
[5]  reported  that  the  high  mismatch  strain  between  GaN 
and  sapphire  drives  the  buffer  layer,  which  is  initially 
deposited  uniformly,  to  form  three  dimensional  poly  crys¬ 
talline  islands  where  the  free  energy  is  minimized.  At  low 
growth  rate  of  the  buffer  layer  Ga  species  are  effectively 
more  mobile  on  the  sapphire  surface  allowing  the  growth 
of  polycrystalline  islands.  However,  at  high  growth  rate 
the  surface  species  are  less  mobile  and  the  buffer  materi¬ 
al  is  not  able  to  fully  recognize  to  achieve  minimum  free 
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Fig.  3.  AFM  images  of  GaN  buffer  surfaces  with  growth 
rates  of  (a)  4.56,  (b)  11.46,  and  (c)  18.30  nm/min. 


energy.  Consequently  lateral  growth  mode  is  more  dom¬ 
inant  for  the  GaN  buffer  layer  with  a  high  growth  rate 
than  that  with  a  low  growth  rate. 

Figure  4(a),  (b),  and  (c)  denote  the  cross-sectional 
scanning  electron  microscope  (SEM)  images  of  the  GaN 
films  grown  for  1  hour  with  different  buffer  growth  rates 
of  4.56,  11.46,  and  18.30  nm/min,  respectively.  The 
film  thicknesses  of  the  GaN  over  layers  are  2.8,  1.9,  and 
1.4  /im,  respectively.  One  can  easily  see  that  the  GaN 
overlayer  thickness  apparently  is  decreased  as  the  buffer 
growth  rate  increases.  The  TEM  images  in  Fig.  2  also 
show  the  same  trend.  This  implies  that  the  surface  struc¬ 


ture  of  GaN  buffer  layer  (or  buffer  growth  rate)  exerts 
enormous  influence  on  the  growth  mode  of  GaN  over¬ 
layer.  At  high  growth  rate  of  the  GaN  buffer  layer,  the 
lateral  growth  mode  along  a  direction  is  promoted  and 
columnar  growth  mode  along  c  direction  is  suppressed. 
This  result  can  obviously  explain  the  reduction  of  dislo¬ 
cation  density  at  the  buffer  growth  rate  of  18.30  nm/min 
because  the  low  growth  rate  of  GaN  overlayer  generally 
leads  to  lower  probabilities  of  generating  internal  defects, 
namely  point  defects,  threading  dislocations,  and  so  on. 
It  also  coincides  with  the  results  of  Li  et  al.  [6].  They 
said  the  fine  columnar  growth,  grain  merge,  and  later¬ 
al  growth  zones  are  affected  strongly  by  surface  diffusion 
process.  When  the  V/III  ratio  of  the  buffer  layer  increas¬ 
es  (correspond  to  low  growth  rate  of  the  buffer  layer), 
the  thickness  of  the  nucleation  zone  increases  and  the 
columnar  mosaicity  also  increases.  Therefore,  there  is  a 
balance  between  diffusion  process  and  interfacial  energy, 
which  might  be  affected  by  V/III  ratio  in  the  films. 

Figure  5(a)  shows  the  variation  of  (002)  and  (102) 
full  width  at  half  maximum  (FWHM)  values  for  u-26 
scan  using  high  resolution  x-ray  diffraction  measurement 
(HRXRD).  With  increasing  the  buffer  growth  rate,  (002) 
FWHM  value  increases  while  (102)  FWHM  value  de¬ 
creases.  From  the  FWHM  of  u-20  scan,  coherent 
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Fig.  5.  Measured  HRXRD  FWHM  and  calculated  coherent 
length  for  (002)  and  (102)  reflections  of  w-29  scan  as  a  function 
of  buffer  growth  rate. 


1I1§||1§| 


-8412- 

length  (CL)  can  be  estimated  by  the  Scherer  formula: 
CL=[O.89A]/[2Awsin0jg]  [7],  where  A  is  the  x-ray  wave¬ 
length,  Au  is  the  FWHM  of  the  HRXRD  rocking  curve, 
and  Ob  is  the  Bragg  angle  corresponding  to  the  reflecting 
plane.  The.  estimated  CLs  are  shown  in  Fig.  5(b),  using 
the  values  of  A=l. 541  A  for  Cuai  line,  0B  (002)=17.278°, 
and  0B  (102)=24.044°.  As  the  buffer  growth  rate  is  in¬ 
creased,  the  CL  of  (002)  plane  is  decreased  while  the  CL 
of  (102)  plane  is  increased.  In  the  case  of  a  fully  relaxed 
film,  the  CL  of  (002)  plane  could  be  related  with  the  film 
thickness.  Thus,  the  decrement  of  CL  for  (002)  plane  can 
directly  indicate  the  reduction  of  GaN  film  thickness  as 
buffer  growth  rate  increases,  previously  examined  in  Fig. 
4.  Here  we  should  also  take  note  of  the  variation  of  in¬ 
plane  (102)  CL,  which  is  related  with  the  mean  spacing 
of  randomly  distributed  threading  dislocations.  In  other 
words,  the  large  value  of  (102)  CL  means  the  low  thread¬ 
ing  dislocation  density  in  GaN  epilayer.  This  result  is 
also  well  matched  with  the  observation  of  dislocations  by 
TEM  measurement  in  Fig.  2.  The  more  information  of 
in-plane  (102)  plane  can  be  obtained  from  the  lj  scan  of 
HRXRD  measurement,  which  will  be  examined  in  next 
section. 

2.  The  Relationship  Between  Electrical,  Structural, 
and  Optical  Properties 

Especially,  in  order  to  investigate  the  origin  of  electron 
mobility  compensation  and  optical  efficiency  abatement, 
several  kinds  of  samples  with  different  electron  Hall  mo¬ 
bility  values  from  17  to  539  cm2/ Vs  under  nearly  same 
carrier  concentrations  from  6.2 xlO16  to  9.6 xlO16  cm“3 
are  prepared.  The  detailed  electrical  data  of  all  films 
evaluated  by  van  der  Pauw  Hall  measurement  are  shown 
in  Table  1.  All  samples  had  specular  and  smooth  sur¬ 
faces,  which  were  corroborated  by  Normarski  optical  mi¬ 
croscope. 

In  order  to  investigate  the  structural  properties  of  the 
grown  GaN  films,  HRXRD  measurements  of  symmetric 
(002)  and  asymmetric  (102)  planes  were  conducted  for  all 
samples.  Fig.  6  represents  the  obtained  HRXRD  rocking 
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Fig.  6.  HRXRD  rocking  curves  for  symmetric  (002)  and 
asymmetric  (102)  reflecting  planes  corresponding  to  the  sam¬ 
ples  of  CYS-2,  CYS-4,  CYS-6,  and  CYS-8. 

curves  for  (002)  and  (102)  reflecting  planes  correspond¬ 
ing  to  the  samples  of  CYS-2,  CYS-4,  CYS-6,  and  CYS-8. 
The  Gaussian  fitted  [8]  FWHM  for  each  rocking  curve  is 
shown  in  Table  1.  The  information  of  structural  quality 
of  the  highly  dislocated  GaN  layer  can  be  directly  ob¬ 
tained  from  the  linewidth  broadening  of  the  HRXRD  due 
to  the  distortion  of  asymmetric  (102)  plane,  not  symmet¬ 
ric  (002)  plane  [9].  That  is  why  HRXRD  rocking  curve  for 
(102)  plane  responds  to  all  threading  dislocations  includ¬ 
ing  pure  edge  dislocations,  whereas  that  for  (002)  plane 
is  only  broadened  by  screw  and  mixed  type  dislocations. 

The  relationship  between  the  FWHMs  of  the  (002)  and 
(102)  HRXRD  rocking  curves  and  the  electron  Hall  mo¬ 
bilities  is  shown  in  Fig.  7.  As  the  mobility  increases  from 
17  (CYS-1)  to  163  cm2/Vs  (CYS-3),  the  FWHM  of  (002) 


Table  1.  Summary  of  experimental  values  of  mobility,  carrier  concentration,  (002)  HRXRD  FWHM,  (102)  HRXRD  FWHM, 
PL  intensity,  and  PL  FWHM  at  300  K. 


Sample  J 

Electrical  properties  at  300  K 

Structural  properties 

Optical  properties  at  300  K 

Mobility 

(cm2/Vs) 

Carrier  Density 
(xlO16  cm-3) 

(002)  FWHM 
(arcsec) 

(102)  FWHM 
(arcsec) 

PL  Intensity 
(arb.  units) 

PL  FWHM 
(meV) 

CYS-1 

17 

9.6 

440 

1620 

84 

35.37 

CYS-2 

93 

8.9 

322 

890 

1356 

34.00 

CYS-3 

163 

6.2 

243 

621 

2256 

35.57 

CYS-4 

229 

9.4 

257 

550 

3863 

36.38 

CYS-5 

310 

7.8 

241 

534 

7080 

36.92 

CYS-6 

428 

8.6 

371 

576 

13730 

38.79 

CYS-7 

505 

6.9 

239 

468 

15946 

38 

CYS-8 

539 

7.9 

349 

477 

15632 

38.47 

The  Effects  of  the  Threading  Dislocations  on  the  Qualities  in  Undoped  GaN  -  K.  S.  Kim  et  al. 


-S413- 


,  ,  «  Fig.  8.  The  experimental  data  of  PL  intensity  (solid  cir- 

Mobility  (cm  /  Vs)  cles)  of  band  edge  emission  at  300  K  and  carrier  concentra- 

Fig.  7.  The  variation  of  the  FWHMs  of  (002)  and  (102)  tion  (open  circles)  vs.  electron  Hall  mobility.  The  Unear  Une 

HRXRD  rocking  curves  for  scan  as  a  function  of  the  electron  indicates  the  least  squares  fit  of  the  experimental  data. 

Hall  mobility. 


HRXRD  rocking  curve  decreases  monotonously.  Above 
that,  the  (002)  FWHM  does  not  further  decrease  and 
even  fluctuates.  On  the  other  hand,  the  FWHM  of  (102) 
HRXRD  rocking  curve  decreases  inversely  as  the  mobil¬ 
ity  increases  (The  some  increase  in  the  (102)  FWHM  of 
CYS-6  is  due  to  the  increase  of  the  FWHM  of  (002) 
HRXRD  rocking  curve,  we  suppose).  This  means  the 
threading  dislocations,  especially  pure  edge  dislocations, 
have  something  to  do  with  the  reduction  of  electron  Hall 
mobility,  of  which  detailed  study  is  reported  in  another 
paper  in  this  volume. 

The  optical  properties  of  samples  were  characterized  by 
photoluminescence  (PL)  measurement  at  room  tempera¬ 
ture.  The  excitation  power  density  of  He-Cd  laser  operat¬ 
ing  at  325  nm  line  was  kept  constant  at  3.8  W/cm2.  The 
measured  PL  Intensity  (Ipl)  and  FWHM  of  band  edge 
emission  for  all  samples  are  shown  in  Table  1 .  The  peak 
positions  are  identical  to  362  nm.  The  Ipl  is  superlinear- 
ly  increased  as  a  function  of  mobility,  as  depicted  in  Fig. 
8.  The  effect  due  to  the  difference  of  carrier  concentra¬ 
tion  can  be  excluded  in  the  increase  of  the  Ipl  because 
the  deviation  of  carrier  density  is  as  low  as  13.7  %  in 
our  prepared  samples.  It  accordingly  suggests  that  the 
defects  centers  around  near  surface  responsible  for  the 
decrease  of  electron  Hall  mobility  directly  behave  as  op¬ 
tical  non-radiative  recombination  centers  because  photo- 
generated  carrier  density  is  same  for  all  samples  and  the 
penetration  depth  of  He-Cd  laser  of  325  nm  line  is  very 
shallow  (~56  nm).  The  linear  line  in  Fig.  8  represents 
the  least-squares  fit  of  data  and  the  fitted  exponent  is 
1.55. 


IV.  SUMMARY 

The  electrical,  structural,  and  optical  properties  of 
GaN  epitaxial  layers  grown  on  (0001)  sapphire  strongly 
depend  on  the  growth  rate  during  the  growth  of  the  GaN 
buffer  layer.  The  results  show  an  optimum  growth  rate  of 
the  GaN  buffer  layer  exists  in  order  to  obtain  high  quality 
GaN  epitaxial  layers  with  high  electron  Hall  mobility  and 
low  threading  dislocation  density.  Besides,  electron  Hall 
mobility  is  in  inverse  proportion  to  the  FWHM  of  (102) 
HRXRD  rocking  curve  and  PL  intensity  has  the  depen¬ 
dence  with  superlinear  exponent  of  1.55  on  the  mobility. 
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We  studied  the  thickness  dependence  of  optical  properties  of  2~8  pm  thick  GaN  epilayers  grown 
on  sapphire  by  MOCVD,  by  using  PL,  Raman  scattering,  and  X-ray  diffraction  (XRD)  measure¬ 
ments.  The  PL  data  show  that  the  peak  intensity  of  yellow  band  (YB)  luminescence  normalized  to 
that  of  exciton  band  (EB)  recombination  is  weaker  than  that  of  donor- acceptor  pair  (DAP)  line  for 
the  thin  GaN  epilayers,  but  becomes  stronger  in  the  case  of  thick  layers.  However,  the  integrated 
intensity  of  YB  luminescence  is  stronger  than  that  of  DAP  line  for  all  the  samples.  The  intensity 
YB  line  normalized  to  that  of  EB  line  competes  with  the  normalized  intensity  of  DAP  line  suggest¬ 
ing  that  defects  involved  in  those  recombination  is  common.  The  intensity  ratio  of  acceptor  bound 
exciton  to  donor  bound  exciton  transition  in  EB  decreases  with  the  epilayer  thickness  indicating 
the  acceptor  density  decreases  with  the  growth  direction.  From  the  Raman  scattering  data,  the 
relaxation  of  the  compressive  strain  and  the  microstfuctural  reorientation  for  samples  with  the  in¬ 
creasing  thickness  have  been  shown.  The  XRD  measurement  results  exhibit  that  the  intensity  ratio 
of  YB  luminescence  to  EB  line  has  a  close  relationship  with  the  XRD  (1010)  peak  intensity.  Based 
on  these  results,  the  origins  of  the  YB  luminescence  have  been  discussed. 


I.  INTRODUCTION 

Besides  the  near  band  edge  emission  due  to  free  and 
bound  excitons  and  donor-acceptor  pair  (DAP)  recombi¬ 
nation,  a  broad  yellow  band  (YB)  luminescence  is  usually 
present  in  the  photoluminescence  (PL)  spectra  of  nomi¬ 
nally  undoped  and  intentionally  doped  n-type  GaN  epi¬ 
layers.  Since  this  broad  YB  luminescence  will  seriously 
influence  the  efficiencies  of  GaN  optoelectronic  devices, 
there  are  many  experimental  and  theoretical  researches 
on  the  origin  of  the  deep  level  states  related  with  the 
YB  luminescence.  The  candidates  can  be  summarized  as 
residual  impurities  [1-6],  native  defects  such  as  vacancies, 
anti-sites,  or  interstitials,  native  defect-impurity  complex 
[7-13],  and  extended  defects  such  as  dislocation  or  grain 
boundaries  [14,15].  This  is  a  subject  of  much  discussion, 
and  there  are  still  some  contradictory  results  reported  in 
the  literature.  It  has  been  known  that  the  crystal  qual¬ 
ity  of  GaN  epilayer  was  improved  with  increasing  thick¬ 
ness  [16].  E.  R.  Glaser  et  al.  [17]  have  observed  intensi¬ 
ties  of  donor- acceptor  pair  (DAP)  recombination  and  yel¬ 
low  band  (YB)  luminescence  in  photoluminescence  (PL) 
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spectra  changed  with  the  epilayer  thickness.  For  the  elec¬ 
trical  properties,  Gotz  et  al.  [18]  have  performed  Hall  ef¬ 
fect  measurements  with  various  epilayer  thickness.  Their 
experimental  results  demonstrate  that  the  dependence  of 
electron  concentration  and  Hall  mobility  on  film  thick¬ 
ness  is  indicative  of  a  nonuniform  distribution  of  electri¬ 
cally  active  defects.  The  studies  of  dependence  of  optical 
and  electrical  properties  on  the  thickness  of  GaN  epilay¬ 
ers  grown  up  to  10  pm  by  MOCVD  have  some  practical 
use,  because  most  of  the  GaN  LED  and  LD  structures 
possess  GaN  epilayer  thickness  less  than  a  few  pm. 

In  this  investigation,  the  thickness  dependence  of  op¬ 
tical  and  electrical  properties  of  2~8  pm  thick  GaN  epi¬ 
layers  grown  on  sapphire  by  MOCVD  is  studied  with 
PL,  Raman  scattering,  Hall  measurements  and  X-ray 
diffraction  (XRD).  The  origins  of  the  YB  luminescence 
are  discussed. 

II.  EXPERIMENTS 

PL  experiments  were  performed  on  a  set  of  GaN  epi¬ 
layers  with  different  thickness  grown  on  (0001)  oriented 
sapphire  substrates  by  MOCVD.  A  20  nm  GaN  buffer 
layer  was  grown  at  550  °C  on  the  substrates  prior  to  the 
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Table  1.  Parameters  of  GaN  epilayers  investigated  in  this 
work. 


Sample 

Thicknesses 

Carrier 

Mobility 

No. 

concentration  (RT) 

(RT) 

No.  1 

8  fim 

6.7  x  1017  cm-3 

406  cm2V  1s  1 

No.  2 

6  fim 

6.4  x  1017  cm-3 

337  cm2V_1s“l 

No.  3 

4  fim 

3.1  x  1017  cm-3 

352  cm2V-1s-1 

No.  4 

2  fim 

5.8  x  1017  cm-3 

374  cm2V“1s^1 

No.  5 

2  fim 

1.5  x  1016  cm-3 

10  cm2V“1s_1 

No.  6 

2  fim 

6.0  x  1016  cm-3 

97  cm2V~1s“1 

No.  7 

2  fim 

7.0  x  1016  cm"3 

505  cm2 V-1s-1 

No.  8 

2  fim 

8.0  x  1016  cm-3 

539  cm2V_1s-1 

No.  9 

2  fim 

8.8  x  1016  cm-3 

406  cm2 V_1s_1 

No.  10 

2  fim 

5.8  x  1017  cm-3 

374  cm2V“1s_1 

No.  11 

2  fim 

1.3  x  1018  cm-3 

267.5  cm2V-1s”1 

growth  of  GaN  layers  at  1125  °C.  The  carrier  concentra¬ 
tions  and  mobilities  determined  from  the  room  temper¬ 
ature  (RT)  Hall  effect  measurements  for  various  samples 
are  summarized  in  Table  1.  The  PL  from  GaN  layers 
excited  by  325  nm  line  of  a  He-Cd  laser  is  detected  and 
analyzed  by  a  photomultiplier  tube,  1  m  double-grating 
monochromator  and  photon  counting  system.  The  sam¬ 
ple  temperature  was  controlled  from  4.2  K  to  RT  by  using 
optical  cryostat.  The  RT  Raman  spectra  were  taken  in 
the  near  backscattering  x(yu)x  and  z(yu)z  geometry  in 
which  the  wavevectors  of  incident  and  scattered  photons 
almost  lie  in  the  planes  of  the  layers  perpendicular  and 
parallel  to  the  c-axis,  respectively,  by  using  514.5  nm 
line  of  an  argon-ion  (Ar+)  laser.  The  polarization  of  the 
scattered  light  was  not  analyzed. 

Ill-  RESULTS  AND  DISCUSSION 

A  typical  PL  spectrum  at  5  K  is  shown  in  Fig.  1. 
Near  the  band  gap  the  strong  excitonic  recombinations 
of  free,  donor  bound  exciton  (D°X)  and  acceptor  bound 


Fig.  1.  Fig.  1.  PL  spectrum  at  5  K  for  sample  No.  4. 
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Fig.  2.  The  peak  intensity  of  YB  luminescence  normalized 
to  that  of  EB  line  as  a  function  of  epilayer  thickness. 

exciton  (A°X)  with  their  phonon  replicas  are  detected. 
These  bands  are  called  exciton  band  (EB).  The  next  PL 
emissions  observed  in  Fig.  1  are  characterized  by  a  DAP 
line  and  a  series  of  well  resolved  LO  phonon  replicas  at 
lower  energies.  The  lowest  energy  band  observed  in  Fig. 
1  is  a  broad  emission  of  YB  luminescence.  Fig.  2  shows 
the  peak  intensity  and  integrated  intensity  of  DAP  and 
YB  luminescence  normalized  to  that  of  EB  line  as  func¬ 
tions  of  epilayer  thickness,  respectively.  From  Fig.  2,  we 


Thickness  ( um ) 

Fig.  3.  The  intensity  ratio  of  acceptor  bound  exciton  peak 
to  that  of  donor  bound  exciton  peak  as  a  function  of  epilayer 
thickness. 
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can  see  that  the  peak  intensity  of  YB  luminescence  nor¬ 
malized  to  that  of  EB  line  is  weaker  than  that  of  DAP 
recombination  for  thin  GaN  epilayers,  but,  it  becomes 
stronger  in  the  case  of  thick  layers.  The  ratio  of  the  inten¬ 
sity  of  YB  line  to  that  of  EB  line  increases,  whereas  that 
of  DAP  line  decreases  with  increasing  epilayer  thickness 
it  indicates  that  the  DAP  recombination  competes  with 
the  YB  recombination  suggesting  the  defect  or  impurity 
center  are  commonly  involved  in  those  recombination. 

Fig.  3  shows  the  intensity  ratio  of  acceptor  bound 
exciton  line  to  donor  bound  exciton  line  as  a  function 
of  epilayer  thickness.  It  shows  that  the  ratio  decrease 
with  increasing  epilayer  thickness.  It  has  been  reported 
that  the  dislocation  density  within  the  first  0.5  /xm  of  the 
GaN  films  grown  on  100  nm  AIN  buffer  layer  was  found 
to  be  about  1  x  109  cm-2  from  plan- view  transmission 
electron  microscopy  [19]  and  to  decrease  rapidly  by  two 
orders  of  magnitude  with  increasing  film  thickness.  Thus, 
the  decrease  of  the  acceptor  density  with  the  dislocation 
is  very  film  thickness  suggests  that  the  residual  acceptors 
might  be  related  with  the  dislocation. 

Fig.  4(a)  shows  Raman  spectrum  for  sample  No.  3 
measured  at  room  temperature  (RT)  in  the  near  back 
scattering,  x{yu)x  geometry;  in  this  geometry,  Ai(TO), 
Ei (TO),  and  E2  modes  can  *be  observed.  In  addition 
to  peaks  located  at  419  cm-1  and  753  cm-1  originat¬ 
ed  from  sapphire  substrate,  Ai(TO),  Ei(TO)  and  high- 
frequency  E2  modes  are  observed  at  534  cm”1,  562  cm-1 
and  571  cm"1,  respectively.  Fig.  4(b)  shows  the  com¬ 
parison  of  Raman  spectra  for  sample  Nos.  1,  2,  3  and 

4  measured  at  RT  in  near  x(yu)x  geometry.  In  addition 
to  small  frequency  shift  due  to  the  strain  change,  it  is 
interesting  to  note  the  change  in  scattering  intensity  of 
the  different  phonon  modes.  As  Fig.  4(c)  illustrates,  the 
intensity  ratio  of  Ai(TO)  mode  to  that  of  E2  mode  de¬ 
creases  with  increasing  the  epilayer  thickness  from  4  to 
8  /im.  The  scattering  intensity  ratio  of  Ei(TO)  mode 
to  that  of  E2  mode  show  similar  trend  with  the  epilayer 
thickness.  Since  the  incident  polarization  of  the  excit¬ 
ing  laser  remained  constant  throughout  the  experiment, 
these  results  indicate  the  microstructural  orientation  of 
GaN  epilayer  changes  slightly  with  its  thickness.  Figure 

5  shows  the  RT  Raman  spectra  taken  in  z{yu)z  configu¬ 
ration  with  the  z-direction  along  the  c-axis  of  GaN,  for 
sample  Nos.  1,  2,  3  and  4,  respectively.  All  spectra  are 
dominated  by  E2  mode  as  we  expected  from  the  selec¬ 
tion  rule  for  the  scattering  configuration  employed.  It 
has  been  reported  that  the  wurtzite  GaN  E2  mode  is 
caused  by  the  deformation  potential  scattering  [20] .  The 
non-polar  E2  mode  with  lattice  displacements  perpen¬ 
dicular  to  the  GaN  [0001]  growth  direction  is  very  sen¬ 
sitive  to  the  change  of  the  elastic  constants  with  strain 
[21].  The  Raman  peak  will  shift  toward  higher  energies 
and  be  broaded  with  increasing  the  biaxial  compressive 
strain  as  a  consequence  of  the  change  in  elastic  constant 
with  strain.  As  Fig.  5  shows,  the  peak  of  the  high  fre¬ 
quency  E2  mode  is  strongly  enhanced  and  narrowed  with 
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Fig.  4.  (a).  Raman  spectrum  for  sample  No.  3  recorded  at 
room  temperature  (RT)  in  the  near  back  scattering  x(yu)x 
geometry,  (b).  The  Raman  spectra  for  samples  No.  1,  No.  2, 
No.  3  and  No.  4  recorded  at  RT  in  the  near  back  scattering 
x(yu)x  geometry,  (c).  The  intensity  ratio  of  mode  to  the 
E2  (high)  mode  and  Ei(TO)  mode  to  the  E2  (high)  mode  of 
samples  No.  2,  No.  3  and  No.  4,  respectively. 
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Fig.  5.  The  Raman  spectra  for  samples  No.  1,  No.  2,  No. 
3  and  No.  4  taken  at  RT  in  the  near  back  scattering  z(yu)z 
geometry. 
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Fig.  6.  The  intensity  variation  of  (1010)  peak  in  the  X-ray 
diffraction  variation  as  a  function  of  the  epilayer  thickness. 


increasing  epilayer  thickness.  The  E2  (high)  mode  peaks 
is  observed  at  570.4  cm-1  for  sample  No.  1,  shifts  toward 
higher  energies  of  570.6  cm-1,  570.8  cm-1  and  571  cm-1 
for  the  amples  No.  2,  No.  3  and  No.  4,  respectively. 
T.  Kozawa  et  al  [21]  have  reported  that  the  relation  be¬ 
tween  the  compressive  strained  GaN  and  the  frequency 
shift  Ac v  (in  cm""1)  of  E2  mode  is  Aa>=6.2cr,  where  a  de¬ 
notes  the  stress  in  GPa.  With  Hooke’s  law,  a  —  ecE/i /, 
where  ec  is  the  strain;  E  and  v  is  the  bulk  modulus  and 
Poisson  ratio,  respectively,  the  relation  between  Acj  and 
ec  can  be  written  as  Au>=(6.2  Ejv)cc.  We  took  the  val¬ 
ue  of  E2  mode  for  free-standing  GaN  as  568  cm-1  [22], 
and  estimated  the  residual  compressive  stress  for  sample 
Nos.  1,  2,  3  and  4  to  be  0.39,  0.42,  0.45  and  0.48  GPa, 
respectively;  it  shows  a  linear  dependence  with  the  layer 
thickness. 

Finally,  the  XRD  spectra  of  these  four  samples  show 
(1010)  peak  whose  intensity  changes  with  the  epilayer 
thickness.  Figure  6  shows  the  (1010)  peak  intensity  vari¬ 
ation  as  a  function  of  the  epilayer  thickness.  It  is  very  in¬ 
teresting  to  note  that  the  variation  of  (1010)  peak  inten¬ 
sity  show  almost  similar  trends  with  the  intensity  change 
of  YB  luminescence  shown  in  Fig.  2.  Mo  et  al  [23]  al¬ 
so  observed  the  same  phenomena.  This  suggests  that 
the  relative  intensity  of  YB  luminescence  has  direct  re¬ 
lation  with  the  defects  associated  with  the  microstruc- 
tural  orientation.  S.  Christiansen  et  al  [14]  proposed 
that  YB  luminescence  is  related  to  the  screw  dislocations 
with  6=[0001].  On  the  other  hand,  F.  A.  Ponce  et  al 
[15]  suggested  that  the  dislocations  necessary  to  main¬ 
tain  crystalline  coherence  at  low  angle  boundaries  are  the 
source  of  the  YB  luminescence.  However,  Neugebauer  et 
al  [13]  carried  out  first-principle  calculation  and  showed 


that  deep  levels  related  to  the  origin  of  YB  luminescence 
are  due  to  native  defects,  such  as  Ga  vacancy,  and  native 
defect-impurity  complex,  while  extended  defects  may  just 
act  as  traps  of  native  defects  and  impurities.  The  relation 
of  the  YB  luminescence  with  the  microstructural  orien¬ 
tation  and  defects  associated  with  the  grain  boundary 
should  be  studied  further  in  detail. 

IV.  CONCLUSIONS 

We  have  studied  the  thickness  dependence  of  opti¬ 
cal  properties  in  2~8  fi m  thick  GaN  epilayers  grown  on 
sapphire  by  MOCVD  using  PL,  Raman  scattering,  and 
XRD  measurements.  The  PL  experimental  results  show 
that  the  intensity  of  YB  luminescence  and  the  intensity 
of  DAP  emission  normalized  to  that  of  band  edge  recom¬ 
bination  varied  with  the  epilayer  thickness.  The  rela¬ 
tive  intensity  of  YB  line  increases,  whereas  that  of  DAP 
line  decreases  with  increasing  epilayer  thickness.  The  in¬ 
tensity  ratio  of  acceptor  bound  exciton  to  donor  bound 
exciton  transition  decreases  with  the  thickness  suggest¬ 
ing  that  the  dislocations  may  be  very  efficient  at  trap¬ 
ping  residual  shallow  acceptors  near  the  epilayer /buffer 
layer  interface.  From  the  Raman  scattering  data,  the 
relaxation  of  the  compressive  strain  and  the  microstruc¬ 
tural  reorientation  for  samples  with  increasing  thickness 
have  been  observed.  The  XRD  measurement  show  that 
the  intensity  ratio  of  YB  luminescence  to  EB  line  has  a 
close  relation  with  the  (1010)  peak  intensity  in  the  XRD 
sprecra.  Based  on  these  results,  the  origins  of  the  YB 
luminescence  can  be  attributed  to  the  defects  associated 
with  the  microstructural  orientation  and  grain  boundary, 
which  should  be  studied  further  in  detail. 
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It  is  shown  the  Cu  in  CdTe  polycristalline  films  is  diffusing  on  the  complex  mechanism.  By 
bringing  of  W  atoms  in  thin  CdTe  layers  it  is  possible  to  operate  diffusion’s  speed  of  Cu  atoms. 
Initiation  of  the  (Cu+W^d)  complexes  under  the  conditions  N(W^d)>N(Cu^)  hardly  reduce  the 
diffusion  velocity  of  Cu  atoms. 


Occur  on  both  Cu2Te-CdTe  and  Cu2S-CdS  (Zn  CdS) 
thin  films  Solar  Elements  degradation  processes  are  dic¬ 
tated  by  Cu  atoms’  diffusion  in  thin  layers  of  CdTe.  Ini¬ 
tiation  of  the  complexes  hardly  reduce  the  diffusion  ve¬ 
locity  of  Cu  atoms  [1].  Within  CdTe  crystals  W  atoms 
localized  at  the  bands  of  Cd  sublattice.  As  a  result  they 
become  ionized  acceptor  centers  and  form  the  stable  com¬ 
plexes.  W  atoms  belong  the  Mo  support  were  bringing  in 
the  act  of  growing  CdTe  film  [2].  Concentration  (Aw)  of 
W  atoms  depends  of  the  support’s  temperature  ( Tsup ). 
We  find  out-for  Tsup=550  °C;  Aw  <  1018  cm-3  and  for 
Taup=680  °C;  Aw=1020  cm-3.  So  we  get  the  way  to 
change  the  Aw  -  The  solubility  of  W  atoms  in  CdTe  sized 
up  by  neutron-activation  analysis  are  10“*  1~10— 3  %  by 
weight. 

Using  the  label  atoms  method  we  find  out  the  ef¬ 
fective  diffusion  coefficients  of  Cu64  atom  equal  Dcu 
(T)=2.7x10-13-1.8x10-12  cm2/s  in  the  temperature 
range  of  T=573~723  K.  Figure  shows  the  concentration 
(Acu)  distribution  of  Cu  atom’s  inside  of  CdTe  layers  for 
various  temperature  (T): 

Acu(T)  =  7.2  x  1(T20  x  exp(— 0.32/&T)  cm"3  (1) 

DCu(T)  =  6.7  x  10“9  x  exp(— 0.49/fcT)  cm2/s  (2) 

It  is  shown  also,  that  Cu  in  CdTe  polycristalline  films 
is  diffusing  on  the  complex  mechanism.  Most  probable 
is  diffusion  with  association  [1].  The  calculated  value  of 
association’s  entalpy  (Cu+Wcd)x  A=0.50  eV  well  coin¬ 
cides  with  found  from  diffusion  curves  by  value  of  Cu 
atoms’  energy  of  activation  Q=0.49  eV  in  CdTe  layers. 
For  the  formula 

D(T)  =  D0x  exp (-Q/jfeT)  (3) 

as  follow  from  [3],  there  is  the  next  relation  between  Dq 
and  Q. 

Q  —  2.1  x  1(T4  x  [10  +  lg(Do,cm2/s)\  x  Tm\  (4) 

*E-mail:  shamir@physic.uzsci.net 


Fig.  1.  Conentration  (N  cm"3)  of  label  Cu64  atoms  inside 
of  CdTe  layers  for  various  temperature  (T)  of  diffusion  pro¬ 
cesses  took  4  hours. 


There  Tm\  is  the  melting  point. 

For  CdTe  Tmi  =  1315  K  and  from  (2)  one  find 
Z>o=6.7 x  10-9  cm2/s.  Using  (4)  we  find  once  more  Q= 0.5 
eV. 

As  thus  A(W^d)  >  A(Cu+)  this  result  is  satisfied  con¬ 
dition  shows,  that  all  diffusing  Cu  atoms  are  completely 
connected  in  complexes  with  ionized  (W^d.)  acceptors 
centre. 

Thus  is  shown,  that  by  bringing  of  W  atoms  in  thin 
CdTe  layers  it  is  possible  to  operate  diffusion’s  speed  of 
Cu  atoms.  It  is  important  for  wide  use  thin  film  elements 
with  structures  Cu2Te-CdTe  and  Cu2S-CdS  (Zn  CdS). 
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A  new  type  of  hysteretic  current- voltage  characteristics,  which  switched  from  a  low  conductance 
off-state  into  a  high  conductance  on-state  at  a  threshold  voltage  and  the  high  conductance  state 
was  sustained  even  when  the  bias  voltage  reduced  below  the  threshold  voltage,  was  experimentally 
observed  for  the  highly  doped  multi-quantum  well  structure.  The  characteristics  were  attributed  to 
confinement  of  electrons  and  impact  ionization  of  the  confined  electrons  out  of  the  quantum  wells. 
The  test  devices  employing  10  periods  of  quantum  wells  were  fabricated  by  using  AlGaAs/GaAs 
semiconductor  heterostructure  and  I-V  characteristics  were  examined. 


I.  INTRODUCTION 

The  quantum  well  structures  have  been  considerably 
employed  to  implement  the  special  functions  such  as  res¬ 
onant  tunneling  for  RTD  (Resonant  Tunneling  Diode) 
[1—4]  and  band-to-band  impact  ionization  for  APD 
(Avalanche  Photo  Diode)  [5].  For  the  photodetection 
purpose  APD  uses  multi-quantum  well  structure  to  re¬ 
duce  the  dark  current  for  the  reverse  bias  and  enhance 
the  ratio  of  electron  to  hole  band-to-band  impact  ioniza¬ 
tion  rate  [6—8]. 

In  this  paper  the  multi-quantum  well  structure  whose 
quantum  wells  are  highly  doped  is  employed  to  produce 
a  new  type  of  hysteretic  forward  current- voltage  charac¬ 
teristics.  Below  the  threshold  voltage  it  shows  the  low 
conductance  off-state  and  switches  to  the  high  conduc¬ 
tance  on-state  above  the  threshold.  Especially  it  should 
be  noted  that  the  on-state  is  sustained  even  when  the 
applied  voltage  reduces  below  the  threshold  once  it  turns 
on.  The  characteristic  is  identified  to  be  attributed  to 
confinement  of  the  thermally  ionized  electrons  within  the 
quantum  wells  and  ejection  of  the  confined  electrons  out 
of  the  quantum  wells  through  impact  ionization. 

The  similar  quantum  well  structures  have  been  used 
to  detect  IR  radiation  [9].  However  it  is  different  from 
IR  detector  that  the  quantum  wells  in  this  paper  do  not 
have  contact  for  themselves  to  supply  the  ejected  elec¬ 
trons  compensating  the  ionized  donors  while  for  the  IR 
detector  the  quantum  wells  have  the  contacts  to  keep 
compensating  the  ionized  donors  when  IR  is  detected. 
The  operation  of  device  employing  the  quantum  wells  in 
the  paper  will  be  discussed  later. 

The  test  devices  were  fabricated  with  AlGaAs/GaAs 
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Fig.  1.  The  structure  of  device  using  10  periods  of  Al¬ 
GaAs/GaAs  quantum  wells. 


semiconductor  and  the  current-voltage  characteristics 
were  examined.  And  the  theoretical  model  is  proposed 
and  verified  by  the  experiment. 


II.  DEVICE  STRUCTURE  AND 
FABRICATION 

The  test  devices  consist  of  10  periods  of  AlGaAs/GaAs 
multi-quantum  well  (MQW)  structures  inserted  between 
p+-GaAs  anode  and  n+-GaAs  cathode  as  shown  in  Fig. 
1.  The  barriers  are  made  of  AlrGai_rAs  with  A1  mole 
fraction  of  x  =  0.5  which  produces  the  barrier  energy  of 
A Ec  =  0.38  eV  to  GaAs,  and  the  width  of  300  A.  The 
GaAs  quantum  wells  are  highly  doped  with  silicon  of  1018 
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(b) 

Fig.  2.  (a)  SEM  picture  of  the  fabricated  device  and  (b) 
the  test  chip. 

cm*"3  and  the  width  is  500  A.  The  epitaxial  layers  were 
grown  by  MBE. 

For  the  fabrication  p+-GaAs  anode  and  MQW  layer 
are  first  mesa-etched  down  to  n+-GaAs  cathode  by  RIE. 
And  AuBe/Pt/Au  metal  is  deposited  and  lifted-off  for 
the  ohmic  contact  to  p+-GaAs  anode.  Subsequently  n+- 
GaAs  cathode  layer  is  also  etched.  AuGe/Ni/Au  metal 
is  deposited  and  lifted-off  for  the  ohimic  contact  to  n+- 
GaAs  cathode.  SiN  of  about  3000  A  is  deposited  for  pas¬ 
sivation.  Both  ohmic  contacts  are  sintered  for  30  sec  at 
500  °C  in  4  %  forming  gas.  Finally  the  contact  windows 
are  opened  and  interconnection  Au  metal  is  deposited 
and  lifted-off.  The  final  fabricated  device  is  seen  in  Fig. 
2(a).  In  addition  the  various  test  structures  are  included 
such  as  Kelvin,  van  der  Pauw  and  TLS  as  shown  in  Fig. 
2(b). 

III.  A  NEW  SWITCHING 
CHARACTERISTICS 

Hysteretic  current-voltage  characteristics  were  ob¬ 
served  by  HP4155A  as  shown  in  Fig.  3(a).  The  I-V 
characteristics  can  be  divided  into  two  states;  a  low  con¬ 
ductance  off-state  and  a  high  conductance  on-state.  The 
switching  from  the  off-state  to  on-state  occurs  at  about 
2.25  V  which  is  the  threshold  voltage.  For  each  state  of 
I-V  characteristic  the  energy  band  diagrams  of  device  are 


0.0  0.5  1.0  1.5  2.0  2.5 


Voltage  (V) 

(b) 

Fig.  3.  (a)  The  measured  and  (b)  The  theoretical 

current-voltage  characteristic  of  device. 

shown  in  Fig.  4.  In  the  low  conductance  off-state  the  de¬ 
vice  exhibited  the  small  current  limited  by  the  barrier  at 
the  cathode  to  electron  injection  and  thermally  assisted 
transport  across  the  barriers  as  shown  in  Fig.  4(a).  In 
the  quantum  wells  the  thermally  ionized  electrons  from 
the  donor  states  are  confined  so  that  the  voltage  drop 
across  the  well  is  negligible  and  the  field  across  the  MQW 
layer  is  uniform.  At  about  threshold  voltage  the  device 
was  abruptly  switched  into  the  high  conductance  on-state 
where  the  injected  electrons  have  enough  energy  to  eject 
the  confined  electrons  from  the  quantum  wells  through 
the  impact  ionization  process.  As  the  confined  electrons 
escape  from  the  wells,  the  positively  ionized  donor  im¬ 
purities  are  left  behind  to  form  the  positive  space  charge 
region  inducing  the  large  field  across  the  barrier  at  the 
cathode  and  then  enhancing  the  electron  injection  from 
cathode  as  shown  in  Fig.  4(b).  Especially,  the  high 
conductance  on-state  remains  even  when  the  bias  volt¬ 
age  sweeps  back  to  a  small  holding  voltage  of  about  1 
V  less  than  the  threshold  voltage  because  the  positive 
space  charge  region  is  sustained  until  the  injected  elec¬ 
trons  are  trapped  in  the  quantum  wells  and  neutralize  the 
space  charge  region.  The  space  charge  is  not  completely 
neutralized  even  below  the  threshold  since  the  induced 
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Fig.  4.  Energy  band  diagram  of  device  (a)  in  low  conduc¬ 
tance  off-state  and  (b)  in  high  conductance  on-state. 


electric  field  below  the  threshold  is  still  large  enough  to 
prevent  the  injected  electrons  being  trapped  in  the  wells. 
This  behavior  gives  the  hysteretic  current-voltage  char¬ 
acteristic. 


IV.  THEORY 

The  hysteretic  I-V  characteristics  are  resulted  from  the 
confinement  of  the  thermally  ionized  electrons  within  the 
wells,  the  escape  of  the  confined  electrons  from  the  wells 
and  the  incomplete  neutralization  of  the  space  charge 
below  the  threshold.  In  this  section  the  theoretical  model 
for  the  confinement  and  impact  ionization  as  well  as  I-V 
characteristics  will  be  described.  Since  the  quantum  wells 
are  highly  doped  by  donors,  the  electrons  are  thermally 
ionized  from  the  donor  states  and  confined  within  the 
wells.  The  discrete  energy  levels  in  the  wells  are  given  by 
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Fig.  5.  The  confined  electron  density  in  the  quantum  well 
vs  the  parameters  of  quantum  wells  such  as  (a)  the  well  width, 
(b)  the  barrier  height  and  (c)  the  doping  density. 


where  Lwn  is  the  effective  well  width  of  n-th  energy  level 
taking  account  of  the  penetration  of  the  wave  function 
on  n-th  energy  level  into  the  barrier. 

The  density  of  confined  electrons  in  the  wells  ns  is 
expressed  by  [10] 


ns 


f(E )  ■  g(E)dE 


E 


m**T 

7T H  Linn 


■  ln(l  +  e(-EF~EQn'>/kT) 


(2) 


The  density  of  confined  electrons  is  varied  along  with  the 
quantum  well  parameters  such  as  the  well  width  L\y  and 
the  doping  density  of  donors  Nw  as  well  as  the  barrier 
energy  height  A Ec-  In  Fig.  5  the  dependence  of  the 
confined  electron  density  on  the  quantum  well  parame¬ 
ters  is  shown.  The  electron  density  is  found  to  be  a  strong 
function  of  the  donor  doping  density. 

The  impact  ionization  of  quantum  well  is  developed 
based  on  the  model  as  shown  in  Fig.  6(a).  The  particle 
denoted  by  1  is  the  incident  electron  from  the  barrier 
and  the  particle  2  is  the  confined  electron.  The  confined 
electron  2  collides  with  the  incident  electron  1  and  when 
the  energy  of  the  incident  electron  is  large,  both  electrons 
escape  from  the  quantum  well  as  denoted  by  l5  and  T 
respectively.  The  impact  ionization  rate  is  derived  based 
on  Fermi  Golden  rule  and  expressed  by  [11] 


t(Eq) 


=  E 


4jre4  ( L 


v2 1 


(4  *)LU 


S  (z*ku,z*^- )  +  S  (z'klz,-z*^-) 

\  L* wn  /  \  " wn  /  . 


(3) 
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Pre-impact  Post-impact 


Fig.  6.  (a)  The  model  of  impact  ionization  and  (b)  The  typ¬ 
ical  impact  ionization  rate  vs  the  energy  of  incident  electron 
:  A Ec  =  0.37  eV,  ND=lxl0ls  cm”3,  T=300  K. 


where  L  is  the  sum  of  the  well  width  Lw  and  the  bar¬ 
rier  width  Lb ,  and  fc2t(n)  is  the  transverse  wave  num¬ 
ber  of  the  confined  electron  in  the  n-th  energy  level. 
S  {z*ku,z*f^j  and  S  [z*kiZl  are  the  inter¬ 

action  integral  between  the  wave  function  of  the  injected 
electron  and  the  wave  function  travelling  +z  as  well  as 
— z  direction  of  the  confined  electron  respectively. 

The  typical  impact  ionization  rate  along  with  the  ener¬ 
gy  of  incident  electron  is  shown  in  Fig.  6(b)  for  Lw  =  500 
A,  Lb  =  300  A,  A  Ec  =  0.38  eV  associated  with  A1  mole 
fraction  of  £=0.5,  and  Nw  =  1018  cm”3.  There  is  a 
threshold  energy  above  which  the  rate  abruptly  increases 
and  corresponds  to  about  3  times  A  Ec  and  this  produces 
the  threshold  voltage  in  I-V  characteristic.  In  this  case 
there  exist  two  energy  levels  under  Fermi  energy  level  on 
which  the  most  of  electrons  are  distributed.  The  first 
level  (Ei  =  0.0001  eV)  has  the  larger  impact  ionization 
rate  than  the  second  level  (E2  =  0.0004  eV)  since  the 
concentration  of  the  confined  electrons  on  the  first  level 
is  larger  and  also  the  threshold  energy  (1.05  eV)  for  first 
level  is  larger  than  the  second  (0.96  eV)  since  the  first 
level  is  more  deeply  located  than  the  second. 

The  average  impact  ionization  rate  over  the  energy  of 
incident  electron  is  given  by  assuming  the  Maxwellian 
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Fig.  7.  The  average  impact  ionization  rate  vs  the  parame¬ 
ters  of  quantum  well  such  as  (a)  the  well  width,  (b)  the  barrier 
width,  (c)  the  barrier  height  and  (d)  the  doping  density. 


distribution  of  incident  electrons  in  the  energy  states  and 
written  by 


where  Te  is  electron  temperature  and  m*  is  the  electron 
effective  mass  in  the  barrier.  According  to  the  variation 
of  parameters  such  as  the  well  width  Lw  ^  the  barrier 
width  Lb  ,  the  doping  density  Nw  and  the  barrier  height 
AEc  the  variation  of  the  average  ionization  rate  is  de¬ 
picted  in  Fig.  7.  As  shown  in  the  figure  the  average 
impact  ionization  rate  is  strongly  dependent  on  the  dop¬ 
ing  density. 

The  equation  for  I-V  characteristic  can  be  derived 
based  on  the  model.  At  the  low  voltage  the  current  is 
limited  by  the  thermionic  emission  of  carriers  (electrons 
at  cathode  and  holes  at  anode)  so  that  the  current  level 
is  small  and  given  by 

J  =  A*T2  exp[-(  A  Ec  -  qdFc/kT)\  (5) 


where  Fc  is  the  cathode  field  given  by  ( V  -  Vbi)/LT) 
Vbi  is  the  built-in  voltage  of  the  pn  junction  associated 
with  the  anode  and  cathode  and  Lx  is  the  total  width  of 
MQW,  and  d  is  the  cathode  interface  parameter.  At  the 
high  voltage  above  threshold  the  induced  space  charge 
due  to  the  impact  ionization  enlarges  the  cathode  field 
given  by 


Fc  = 


(V-Vh)  , 

r 


(6) 


where  p(x)  is  the  induced  space  charge  density  and  W 
is  the  width  of  space  charge  region.  The  enlarged  cath- 
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Fig.  8.  I-V  Characteristics  at  the  various  temperatures. 

ode  field  produces  the  large  current  resulting  in  the  high 
conductance  on-state.  The  theoretical  I-V  curve  is  calcu¬ 
lated  and  presented  in  Fig.  3(b),  using  the  effective  mass 
of  GaAs  0.067  mo,  which  exhibits  the  similar  character¬ 
istic  to  the  measured. 

In  order  to  confirm  validity  of  the  model,  which  in¬ 
sists  that  the  hysteretic  I-V  characteristic  is  due  to  the 
electron  confinement  and  the  impact  ionization  of  the 
electrons,  the  I-V  characteristics  were  measured  with  the 
various  temperatures  as  shown  in  Fig.  8.  As  the  tempera¬ 
ture  increases,  the  hysteretic  characteristic  enhances  and 
the  ratio  of  the  current  in  on-state  to  off-state  becomes 
large.  This  characteristic  can  be  explained  by  the  model. 
Since  at  low  temperature  the  effective  mass  of  electron 
is  small,  the  impact  ionization  rate  between  the  single 
electron  to  the  single  electron  is  large  comparing  with  at 
high  temperature.  However,  since  the  concentration  of 
the  confined  electrons  at  high  temperature  is  larger  and 
then  the  probability  of  interaction  between  the  incident 
single  electron  and  the  confined  electrons  becomes  large, 
the  number  of  ionized  electrons  at  high  temperature  is 
much  larger.  The  ratio  of  the  number  of  the  ionized  elec¬ 
trons  per  unit  volume  and  unit  time  at  high  to  at  low 
temperature  is  given  by 

^  _  (f ) high  '  t7*5  '  (Jn  '  Uth  ’  high 

(r),ow  [ns  ^n-l'th-t]low 
high  TlS  high 

“  «>,„  '  "sZT  (7) 

where  an  is  the  cross  section  of  impact  ionization  and 
[  ]  term  represents  the  probability  of  collision  between 
the  incident  single  electron  and  the  confined  electrons  in 
the  well.  The  ratio  is  approximately  proportional  to  the 
ratio  of  the  average  ionization  rate  and  the  ratio  of  the 
electron  concentration  at  the  temperature.  For  example 
the  average  ionization  rate  at. T  =  77  K  is  1.2  times 
larger  than  T  =  300  K  but  the  concentration  of  electrons 
at  T  =  300  K  is  5  times  larger  than  T  =  77  K.  Thus  the 


number  of  the  ionized  electrons  at  T  —  300  K  is  larger 
than  T  =  77  K,  resulting  in  the  larger  current  ratio  at 
high  than  low  temperature. 

V.  CONCLUSIONS 

The  highly  doped  multi-quantum  well  structure  insert¬ 
ed  between  p+  anode  and  n+  cathode  produced  the  hys¬ 
teretic  current-voltage  characteristic  exhibiting  the  low 
conductance  off-state  and  the  high  conductance  on-state 
which  was  sustained  when  the  bias  voltage  swept  back 
below  the  threshold  voltage.  It  was  found  that  the  char¬ 
acteristics  were  attributed  to  the  confinement  of  the  ther¬ 
mally  ionized  electrons  from  donors  and  the  ejection  of 
the  confined  electrons  from  the  wells  through  the  impact 
ionization  which  induced  the  positive  space  charge  re¬ 
gions  and  the  incomplete  neutralization  of  the  induced 
space  charge.  The  theoretical  model  was  developed  and 
verified  by  the  experiment. 

The  I-V  characteristics  can  be  applied  to  IR  detector 
and  to  develop  a  novel  device  mimicking  the  functions  of 
biological  neuron  which  requires  the  hysteretic  I-V  char¬ 
acteristics. 
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The  Pd/Ge/Au/Ni/Au  and  Pd/Ge/Pd/Ti/Au  ohmic  contact  systems  on  n-InGaAs  were  investi¬ 
gated  and  compared.  In  both  contacts,  a  good  ohmic  behavior  was  obtained  even  without  annealing. 
This  is  due  to  their  lower  barrier  height.  The  contact  resistivity  was  further  decreased  by  rapid  ther¬ 
mal  annealing.  The  Pd/Ge/Au/Ni/Au  contact  was  degraded  by  intermixing  of  the  ohmic  metals 
with  InGaAs  above  425  °C.  This  indicates  that  the  Ni  layer  could  not  act  as  a  diffusion  barrier  in 
this  contact  system.  The  out-diffusion  of  the  In  and  As  atoms  also  deteriorated  the  ohmic  contact 
due  to  both  an  increase  in  barrier  height  and  charge  compensation.  The  Pd/Ge/Pd/Ti/Au  contact 
showed  better  ohmic  behavior  compared  with  the  Pd/Ge/Au/Ni/Au  contact,  especially  at  high 
temperature.  The  Ti  layer  acted  as  the  diffusion  barrier.  Non-spiking  and  planar  interfaces  were 
observed  even  at  450  °C. 


I.  INTRODUCTION 

The  parasitic  resistance  and  capacitance  are  dominant 
factors  to  degrade  the  intrinsic  performance  of  the  semi¬ 
conductor  devices.  The  higher  the  device  operation  fre¬ 
quency,  the  larger  their  effects.  It  is  critical  that  the  par¬ 
asitic  components  should  be  reduced  for  the  high-speed 
device  application.  One  of  the  substantial  parasitic  re¬ 
sistances  is  induced  from  ohmic  contact.  Therefore,  it 
is  necessary  to  make  reliable,  planar  and  low-resistance 
ohmic  contacts  to  the  active  layers  for  high  frequency 
operation  of  devices. 

The  Pd/Ge-based  system  has  been  investigated  as  an 
ohmic  contact  on  n-GaAs  [1-6] .  The  ohmic  contact  mech¬ 
anism  of  this  system  is  known  that  Pd  decomposes  Ga 
and  As  oxides,  and  Ge  atoms  diffuse  into  GaAs  and  act  as 
dopant.  Its  diffusion  length  after  annealing  is  as  short  as 
several  hundreds  of  A,  and  it  has  a  planar  interface  and 
a  good  surface  morphology.  It  is  expected  that  a  simi¬ 
lar  phenomenon  occurs  on  n-InGaAs,  which  is  used  as  a 
material  for  high  speed  devices  such  as  a  heterojunction 
bipolar  transistor  (HBT)  [7]  and  a  high  electron  mobility 
transistor  (HEMT)  [8]  due  to  its  high  electron  mobili¬ 
ty  and  high  electron  saturation  velocity.  Shantharama  et 
al.  [9]  have  briefly  discussed  some  non-alloyed  ohmic  con¬ 
tacts  (Ti/Pt/Au,  SnAu/Au,  Pd/AuGe  and  AuBe/Pt/Au 


system)  on  heavily  doped  n-  and  p-InGaAs,  and  Park  et 
al.  [10]  have  reported  the  work  on  AuGe/Pd/Au  and 
other  refractory  metal  contacts  to  n-InGaAs.  There  is, 
however,  little  information  on  Pd/Ge-based  ohmic  con¬ 
tacts  to  n-InGaAs  and  their  alloying  temperature  effect. 
In  this  study,  Pd/Ge/Au/Ni/Au  and  Pd/Ge/Pd/Ti/Au 
ohmic  contacts  to  n-InGaAs  were  studied  through  elec¬ 
trical  and  microstructural  analyses. 

II.  EXPERIMENTS 

N-type  Ino.5Gao.5As  epitaxial  layer  doped  with 
lx  10“ 19  Si/cm3  was  grown  by  metal  organic  chemical 
vapor  deposition  (MOCVD)  on  3-inch  semi-insulating 
GaAs  (100)  wafer.  Figure  1  shows  the  schematic  cross- 
sectional  diagram  of  the  ohmic  contact  layers  on  n- 
InGaAs.  Ohmic  contact  materials  of  Pd(400  A)/Ge 
(300  A)/Au(600  A)/Ni(500  A)/Au(900  A)  and  Pd(500 
A)/Ge(1200  A)/Pd(500  A)/Ti(350  A)/Au(900  A)  were 
deposited  sequentially  on  n-InGaAs  by  the  electron  beam 
evaporation,  and  ohmic  contact  patterns  were  made  by 
the  conventional  lift-off  technique. 

The  ohmic  alloying  was  carried  out  by  the  rapid  ther¬ 
mal  annealing  (RTA)  process  in  a  forming  gas  (N2/H2) 
atmosphere  at  various  temperatures  up  to  450  °C  for 
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(a)  (b) 


Fig.  1.  Schematic  cross-sectional  diagram  of  the  ohmic  con¬ 
tact  layers  on  n-InGaAs.  (a)  Pd/Ge/Au/Ni/Au  contact,  (b) 
Pd/Ge/Pd/Ti/Au  contact. 

10  seconds.  The  standard  transmission  line  method  was 
used  to  measure  the  specific  contact  resistance.  Pho¬ 
tolithography  was  employed  to  make  100x100  fim2  pads 
for  the  measurement  of  the  contact  resistivity,  which 
were  arranged  linearly  spacing  5,  10,  15,  20  and  30 
fim.  Phase  transition  was  analyzed  by  the  X-ray  diffrac¬ 
tion  (XRD).  The  X-ray  source  was  the  Cu  Ka  target 
(30  kV,  40  mA)  and  the  scanning  speed  was  3° /min. 
Atomic  redistribution  was  examined  by  the  Auger  elec¬ 
tron  spectroscopy  (AES)  depth  profiling.  Ohmic  con¬ 
tact  layers  were  sputtered  by  Ar+  (5  keV,  5  mA)  ions 
at  the  speed  of  60  A/sec.  The  kinetic  energy  levels 
for  element  analysis  were  PdMNN  (317—340  eV),  TiLMM 
(368-395  eV),  InMNN  (397-415  eV),  NiLMM  (835-860 
eV),  GaLMM  (1059-1077  eV),  GeLMM  (1130-1158  eV), 
AsLMM  (1219-1237  eV),  and  AuNVV  (2000-2035  eV). 
The  interface  of  the  ohmic  contact  materials/n-InGaAs 
was  observed  by  the  cross-sectional  transmission  elec¬ 
tron  microscopy  (XTEM),  and  (110)  projection  centered 
beam  image  method  was  adopted  with  the  accelerating 
voltage  of  200  keV. 

III.  RESULTS  AND  DISCUSSION 

1.  Pd/Ge/Au/Ni/Au  Ohmic  Contacts 

The  specific  contact  resistance  variation  with  the  RTA 
temperature  is  shown  in  Fig.  2.  It  shows  a  relatively  low 
value  (high-10"“6  Qcm2)  even  without  annealing.  This 
is  due  to  the  reduction  of  Schottky  barrier  height  (—0.2 
eV)  at  the  interface  of  metal/n-InGaAs.  As  the  anneal¬ 
ing  temperature  was  increased  up  to  400  °C,  the  spe¬ 
cific  contact  resistance  was  reduced  to  3.7xl0-6  Qcm2. 
However,  the  ohmic  contact  characteristics  was  degraded 
considerably  above  425  °C. 


as-dep.  350  375  400  425  450 


RTA  Temperature  (°C) 

Fig.  2.  Variation  of  the  specific  contact  resistance  of  the 
Pd/Ge/Au/Ni/Au  contacts  to  n-InGaAs  with  RTA  tempera¬ 
ture. 
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Fig.  3.  XRD  patterns  of  the  Pd/Ge/Au/Ni/Au  contacts  to 
n-InGaAs. 

Figure  3  shows  the  X-ray  diffraction  pattern  with  an¬ 
nealing  temperature.  No  remarkable  phase  change  was 
observed  below  350  °C.  The  phase  changes  were  observed 
at  375  °C,  resulting  from  the  reaction  of  ohmic  metals 
with  InGaAs.  At  425  °C,  various  compounds  such  as 
Pd2Ge,  AuGe,  Pd5Ga2,  AuGa,  NiAs,  and  Auln2  were 
identified.  Comparing  the  results  in  Fig.  3  with  those, 
the  increase  in  specific  contact  resistance  above  425  °C 
is  attributed  to  the  considerable  reaction  between  ohmic 
metals  and  InGaAs,  especially  the  formation  of  Auln2 
and  PdsGa2  compounds.  This  suggests  that  the  compo¬ 
sition  of  InGaAs  becomes  nonstoichiometric,  resulting  in 
both  the  corresponding  increase  in  barrier  height  of  the 
metal/n-InGaAs  contact,  and  the  deterioration  of  ohmic 
behavior. 
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Fig.  4.  AES  depth  profiles  of  the  Pd/Ge/Au/Ni/Au  con¬ 
tacts  to  n-InGaAs. 

Figure  4  indicates  the  AES  depth  profiles  of  the 
Pd/Ge/Au/Ni/Au  contacts  on  n-InGaAs.  A  slight  in¬ 
diffusion  of  Ge  was  observed  at  375  °C.  This  suggests 
that  the  doping  concentration  below  the  contact  increas¬ 
es.  No  other  significant  diffusion  was  detected  except  a 
little  interdiffusion  of  Au  and  Ge.  However,  considerable 
intermixing  was  found  at  425  °C.  The  out-diffusion  of 
In  deteriorates  the  ohmic  contact  due  to  an  increase  in 
barrier  height,  as  shown  in  Fig.  4.  The  out-diffusion  of 
As  is  also  responsible  for  the  degraded  ohmic  contact  at 
425  °C  because  it  encourages  the  Ge  atoms  to  occupy 
the  As  sites  where  they  behave  as  acceptors.  The  results 
show  that  the  reaction  of  the  ohmic  metals  with  InGaAs 
causes  the  reduction  of  electron  concentration,  resulting 
in  the  formation  of  a  highly  resistive  interface. 

The  ohmic  materials/n-InGaAs  interface  observed  by 
XTEM  was  illustrated  in  Fig.  5.  Non-spiking  and  planar 
interface  was  found  even  for  the  contact  annealed  at  425 
°C  for  10  sec.  After  RTA,  the  ohmic  contact  layers  ap- 


Fig.  5.  Cross-sectional  diagram  of  the  Pd/Ge/Au/Ni/Au 
contacts  to  n-InGaAs  annealed  at  425  °C  for  10  sec. 

peared  to  be  composed  of  two  different  layers,  but  further 
microscopic  analysis  was  required. 

2.  Pd/Ge/Pd/Ti/Au  Ohmic  Contacts 

Figure  6  shows  the  RTA  temperature  effect  on  the 
specific  contact  resistance  of  the  Pd/Ge/Pd/Ti/Au  con¬ 
tact.  It  shows  a  low  resistance  before  RTA  like  the 
Pd/Ge/Au/Ni/Au  contact  as  seen  in  Fig.  2,  and  also  in¬ 
dicates  much  better  ohmic  characteristics  compared  with 
the  Pd/Ge/Au/Ni/Au  contact,  especially  at  high  tem¬ 
perature.  As  the  annealing  temperature  was  increased 
up  to  400  °C,  the  specific  contact  resistance  was  reduced 
to  l.lxl0“6  ficm2,  and  good  ohmic  behavior  was  main¬ 
tained.  However,  the  ohmic  contact  characteristics  was 
degraded  above  450  °C. 

Phase  transformations  due  to  RTA  were  investigated 
by  XRD  and  the  results  are  shown  in  Fig.  7.  The  Pd 
and  Ge  layers  reacted  so  that  PdGe  phase  was  formed 
when  annealed  at  300  °C  for  10  sec.  This  PdGe  phase 


Fig.  6.  Variation  of  the  specific  contact  resistance  of  the 
Pd/Ge/Pd/Ti/Au  contacts  to  n-InGaAs  with  RTA  tempera¬ 
ture. 
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Fig.  7.  XRD  patterns  of  the  Pd/Ge/Pd/Ti/Au  contacts  to 
n-InGaAs. 
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Fig.  8.  AES  depth  profiles  of  the  Pd/Ge/Pd/Ti/Au  con¬ 
tacts  to  n-InGaAs. 


was  changed  to  Pd2Ge  phase  by  higher  temperature  an- 
nealing  and  this  phase  transition  was  related  to  lower 
specific  contact  resistance.  The  increase  in  specific  con¬ 
tact  resistance  above  450  °C  is  attributed  to  the  Pd5Ga2 
compound  formation.  Auln2,  AuGe  and  AuGa  phases 
were  not  identified  unlike  the  Pd/Ge/Au/Ni/Au  contact 
as  shown  in  Fig.  3.  It  is,  therefore,  expected  that  the  Ti 
layer  acts  as  a  superior  diffusion  barrier. 

Figure  8  illustrates  the  AES  depth  profiles  of  the 
Pd/Ge/Pd/Ti/Au  contact  on  n-InGaAs.  The  Pd  and 
Ge  atoms  were  intermixed  by  RTA  and  it  is  in  good 
agreement  with  the  XRD  results.  The  out-diffusions  of 
the  In,  Ga  and  As  atoms  were  not  found  and  neither 
was  the  in-diffusion  of  the  Au  atoms.  Therefore,  the  Au- 
based  compounds  such  as  Auln2,  AuGe  and  AuGa  were 
not  identified  in  XRD  analysis.  Thus  it  was  reconfirmed 
that  the  Ti  layer  was  an  excellent  diffusion  barrier  in  this 
contact  system 

The  interface  of  the  Pd/Ge/Pd/Ti/Au  contact  to  n- 
InGaAs  observed  by  XTEM  is  shown  in  Fig.  9.  Non- 


Fig.  9.  Cross-sectional  view  of  the  Pd/Ge/Pd/Ti/Au  con¬ 
tacts  to  n-InGaAs.  (a)  as-deposited,  (b)  425  °C/10  sec,  (c) 
450  °C/10  sec. 
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spiking  and  planar  interface  was  also  found  and  main-  suggested  that  the  Pd/Ge/Pd/Ti/Au  ohmic  contact  sys- 
tained  after  RTA.  The  Pd-Ge  compound  layer  was  also  tern  is  promising  for  semiconductor  device  applications, 
observed  due  to  the  intermixing  of  Pd  and  Ge. 


IV.  CONCLUSIONS 

The  ohmic  characteristics  of  the  Pd/Ge/Au/Ni/Au 
and  Pd/Ge/Pd/Ti/Au  contact  systems  on  n-InGaAs 
were  studied,  and  the  correlation  of  their  electrical  prop¬ 
erties  with  microstructures  was  examined.  In  both  con¬ 
tacts,  relatively  good  ohmic  behavior  was  found  even 
without  annealing  due  to  their  lower  barrier  height,  and 
better  ohmic  contacts  were  obtained  after  RTA.  In  the 
case  of  the  Pd/Ge/Au/Ni/Au  contact,  it  was  deterio¬ 
rated  by  intermixing  and  phase  reaction  of  the  ohmic 
metals  with  InGaAs  substrate  above  425  °C,  especial¬ 
ly  by  the  formation  of  Auln2  and  PdsGa2  phases.  The 
Ni  layer  could  not  act  as  a  diffusion  barrier.  The  out- 
diffusion  of  the  In  and  As  atoms  makes  degradation  of 
the  ohmic  contact  through  an  increase  in  barrier  height 
and  charge  compensation.  The  Pd/Ge/Pd/Ti/Au  con¬ 
tact  showed  better  ohmic  behavior  than  that  of  the 
Pd/Ge/Au/Ni/Au  contact,  especially  at  high  tempera¬ 
ture,  because  of  excellent  diffusion  barrier  of  the  Ti  layer. 
Non-spiking  and  planar  interfaces  were  observed  after  an¬ 
nealing  in  both  contacts,  and  thus  it  is  confirmed  that  the 
Pd  is  a  good  material  as  a  contact  layer  to  n-InGaAs.  It  is 
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In  order  to  explain  the  etching  effect  of  the  carbon  tetrabromide  in  the  vertical  growth  of  GaAs 
during  metalorganic  chemical  vapor  deposition,  the  dependence  of  the  vertical  growth  rate  of  GaAs 
epilayer  on  the  growth  temperature  and  on  the  carbon  tetrabromide  mole  fraction  has  been  inves¬ 
tigated.  The  vertical  growth  rate  decreases  with  increasing  growth  temperature  in  the  range  of 
600~700  °C,  whereas  it  increases  with  increasing  growth  temperature  in  the  range  of  700~800  °C. 
The  vertical  growth  rate,  thus,  shows  the  minimum  value  at  the  growth  temperature  of  700  °C. 
The  high  mole  fraction  of  carbon  tetrabromide  causes  a  significant  diminution  of  the  vertical  growth 
rate  of  GaAs  epilayer.  The  decrement  of  the  vertical  growth  rate  is  attributed  to  the  increment  of 
bromine  atoms  in  the  reactor  with  increasing  the  carbon  tetrabromide  mole  fraction.  The  increment 
of  bromine  atoms  causes  the  etching  effect  of  carbon  tetrabromide. 


I.  INTRODUCTION 

Metalorganic  chemical  vapor  deposition  (MOCVD)  of 
III-V  group  semiconductor  is  now  being  extensively  stud¬ 
ied  for  the  realization  of  quantum  confinement  structures 
such  as  quantum  wires  and  quantum  dots  by  controlling 
the  lateral  dimension  of  the  structure  [1-4].  Selective  epi¬ 
taxy  (SE)  has  been  emerging  as  a  promising  technique  for 
fabricating  the  quantum  confinement  structures  because 
it  is  a  direct  approach  to  achieve  arbitrary  lateral  struc¬ 
tures  using  a  traditional  planar  deposition.  Conventional 
SE  refers  to  the  spatially  controlled  growth  of  an  epi¬ 
taxial  layer  on  partially  masked  substrates  with  growth 
in  the  opening  part  of  the  mask  and  no  growth  on  the 
mask  [5-10].  The  masking  material  is  usually  a  dielec¬ 
tric  material  such  as  SiC>2  or  Si3N4  [11].  There  are  some 
drawbacks  in  using  dielectric  materials.  In  particular, 
deposition  and  etching  processes  are  necessary  to  make 
the  mask  before  SE  and  an  additional  etching  process  is 
required  to  remove  the  mask  after  SE.  The  etching  pro¬ 
cess  causes  damage  and  contamination  at  the  regrowth 
interface  and  surface  of  the  sample,  which  can  strongly 
affect  the  quality  of  devices.  On  the  other  hand,  mask¬ 
less  SE  by  one-step  growth  [12-14]  does  not  require  the 
etching  processes.  The  maskless  SE  was  achieved  using  a 
dramatic  lateral  growth  enhancement  by  supplying  car¬ 
bon  tetrabromide  (CBr4)  in  our  previous  works  [12-16]. 
The  dependence  of  the  growth  rate  on  the  growth  pa¬ 
rameters  is  very  important  to  realize  the  SE  [17,18]  or  to 


achieve  a  huge  ratio  of  the  lateral  over  the  vertical  growth 
rate.  However,  it  is  still  not  clearly  explained  the  detail 
role  of  CBr4  on  the  huge  lateral  growth  enhancement. 
In  this  work,  the  dependence  of  the  vertical  growth  rate 
of  GaAs  epilayer  on  the  growth  temperature  and  on  the 
CBr4  mole  fraction  has  been  investigated  to  explain  the 
etching  effect  of  the  CBr4  in  the  vertical  growth  of  GaAs 
by  metalorganic  chemical  deposition.  We  believe  that 
the  information  is  useful  to  explain  how  the  maskless  SE 
could  be  achieved. 


II.  EXPERIMENT 

First,  the  exact  (100)  oriented  semi-insulating  GaAs 
substrates  were  patterned  in  stripes  aligned  along  the 
[011]  direction  using  standard  photolithography  and  wet 
chemical  etching.  A  photomask  with  a  center  stripe  sep¬ 
aration  of  2  fim  was  used.  The  width  and  depth  of  the 
stripes  were  2  ptm  and  1  //m,  respectively.  After  the 
pattern  was  transferred,  the  mesa  was  generated  by  wet 
chemical  etching  using  a  solution  of  H2SO4  :  H2O2  :  H2O 
(1:8:40  by  volume  ratio).  After  removal  of  the  photore¬ 
sist,  samples  were  flushed  in  de-ionized  water  and  blown 
with  filtered  nitrogen  before  being  loaded  into  MOCVD 
reactor. 

CBr4-doped  GaAs  epilayers  were  then  grown  on  single 
mesa  patterned  GaAs  substrates  by  atmospheric  pres¬ 
sure  MOCVD  in  a  vertical  quartz  reactor  [19,20],  Pri- 
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or  to  loading  into  the  reactor,  the  substrates  were  de¬ 
greased.  Reactor  was  flushed  by  H2  gas  to  maintain  the 
constant  oxygen  free  condition.  Trimethylgallium  (TMG, 
(CH3)sGa)  and  arsine  (ASH3)  of  10  %  diluted  in  pure  hy¬ 
drogen  were  used  as  the  source  materials.  CBr4  was  used 
as  an  extrinsic  C  doping  source  which  could  bring  out  the 
lateral  growth  enhancement  of  GaAs  epilayers.  ASH3  was 
introduced  at  the  V /III  ratio  of  60.  In  order  to  investi¬ 
gate  the  dependence  of  the  vertical  growth  rate  of  GaAs 
on  the  growth  temperature  and  on  the  CBr4  mole  frac¬ 
tion,  the  growth  temperature  was  varied  from  600  to  800 
°C  and  the  mole  fraction  of  CBr4  was  varied  in  the  range 
of  2— 6xl0-6.  Pd-diffused  H2  gas  was  used  as  a  carrier 
gas.  The  total  reactor  flow  rate  was  kept  at  5,000  seem. 
The  as-grown  samples  were  stain-etched  by  a  solution  of 
KOH  :  K3Fe(CN)6  :  H20  (12  g  :  9  g  :  75  cc),  and  then 
their  cross-sectional  micrographs  were  observed  by  field 
emission  scanning  electron  microscopy  (SEM)  to  measure 
the  thickness  of  the  epilayers. 


Growth  Temperature  (°C) 


Fig.  2.  The  vertical  growth  rate  of  GaAs  on  the  mesa  as 
a  function  of  CBr4  mole  fraction.  V/III  ratio  and  growth 
temperature  are  60  and  700  °C,  respectively. 


III.  RESULTS  AND  DISCUSSION 

In  the  GaAs  epitaxial  growth  by  MOCVD,  the  use  of 
TMG  and  AsH3  is  one  of  the  most  useful  reactant  com¬ 
binations.  In  general,  the  growth  rate  is  directly  pro¬ 
portional  to  the  partial  pressures  of  the  source  materials. 
However,  in  the  GaAs  epitaxial  growth,  because  of  the 
relatively  inefficient  decomposition  of  ASH3  compared  to 
TMG,  the  partial  pressure  of  the  Ga  atoms  is  the  crit¬ 
ical  factor  in  determining  the  growth  rate  of  GaAs  in 
MOCVD  [21].  The  Ga  atoms  are  produced  by  pyrolysis 
of  TMG  on  the  GaAs  surface.  Then,  the  GaAs  epitaxial 
layer  is  grown  in  vertical  direction  of  the  As-rich  GaAs 
surface  by  diffusion  of  the  Ga  atoms  together  with  As 
from  the  boundary  layer  [21]. 

When  CBr4  is  introduced  into  the  reactor  for  the  car¬ 
bon  doping  into  the  GaAs  epilayer,  where  TMG  and  ar¬ 
sine  are  supplied  into  the  reactor  simultaneously,  arsenic 
is  not  the  only  atom  to  combine  with  Ga  atom.  Arsenic 
atoms  compete  with  bromine  atoms,  which  are  produced 
from  the  thermal  decomposition  of  CBr4,  for  the  avail¬ 
able  gallium  atoms.  The  Br  atoms,  which  combine  with 
Ga,  form  Ga-Br  complexes  such  as  GaBr  or  GaBr2.  The 
amount  of  Ga  atoms  which  are  bonding  to  the  crystal 
surface,  therefore,  is  reduced  and  we  call  it  an  etching 
effect  of  the  CBr4  in  this  work. 

First,  the  dependence  of  the  growth  temperature  on 
the  etching  effect  of  the  CBr4  in  the  GaAs  epilayer  has 
been  investigated.  The  vertical  growth  rate  of  the  sin¬ 
gle  epitaxial  layer  on  the  mesa  pattern  as  a  function  of 
growth  temperature  is  shown' in  Fig.  1.  The  vertical 
growth  rate  decreases  with  increasing  growth  temper¬ 
ature  at  the  temperature  in  the  range  of  600—700  °C, 
whereas  it  increases  with  increasing  growth  temperature 
in  the  range  of  700-800  °C.  The  vertical  growth  rate, 


thus,  shows  the  minimum  value  at  the  growth  tempera¬ 
ture  of  700  °C.  This  minimum  vertical  growth  rate  can 
be  applied  to  a  selective  area  growth  and  the  work  has 
been  presented  elsewhere  [12]. 

At  the  growth  temperature  below  700  °C,  the  vertical 
growth  rate  decreases  with  increasing  growth  tempera¬ 
ture  because  the  etching  effect  of  CBr4  increases  with 
increasing  growth  temperature  up  to  700  °C.  It  is  known 
that  the  presence  of  bromine  atoms  leads  to  the  etching 
of  the  GaAs  and  the  only  detected  product  of  the  etch¬ 
ing  is  GaBr  [22].  Since  higher  thermal  energy  at  a  higher 
growth  temperature  enhances  the  decomposition  of  CBr4 
into  C  and  Brx ,  the  number  of  bromine  atoms  in  the  re¬ 
actor  increases  and  the  etching  effect  of  CBr4  increases 
with  increasing  growth  temperature  up  to  700  °C. 

However,  because  of  high  thermal  energy  at  the  growth 
temperature  of  higher  than  700  °C,  bromine  atoms  do 
not  act  as  an  efficient  etching  species  anymore.  At  the 
temperature  beyond  700  °C,  the  bromine  atoms  do  not 
efficiently  combine  with  gallium  atoms  because  of  high 
thermal  energy,  so  the  etching  effect  is  reduced.  Thus 
more  gallium  atoms  are  available  to  arsenic  atoms  and, 
therefore,  growth  rate  increases  with  increasing  growth 
temperature. 

In  Fig.  2,  a  vertical  growth  rate  of  the  single  epitaxial 
layer  on  the  mesa  as  a  function  of  CBr4  flow  rate  is  shown. 
The  growth  temperature  was  fixed  at  700  °C.  As  can  be 
seen  in  Fig.  2,  the  high  mole  fraction  of  CBr4  causes  a 
significant  diminution  of  the  vertical  growth  rate  of  GaAs 
epilayer.  The  decrement  of  the  vertical  growth  rate  is  at¬ 
tributed  to  the  increment  of  bromine  atoms  in  the  reactor 
with  increasing  the  CBr4  mole  fraction  and  the  bromine 
atoms  presumably  forms  GaBrx  (x=l,  2,  3)  which  leads 
the  increment  of  the  etching  effect  of  CBr4.  The  satu- 
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Fig.  1.  The  vertical  growth  rate  of  GaAs  on  the  mesa  as  a 
function  of  growth  temperature.  V /III  ratio  and  CBr4  mole 
fraction  are  60  and  4.6xl0~6,  respectively. 


ration  of  the  decrement  rate  of  the  vertical  growth  rate 
may  indicate  that  the  decomposition  efficiency  of  CBr4 
is  reduced  with  increasing  the  mole  fraction  of  CBr4 . 


IV.  SUMMARY 

In  this  work  we  have  studied  the  etching  effect  of  car¬ 
bon  tetrabromide  in  the  vertical  growth  of  GaAs  epilayers 
on  mesa  patterned  GaAs  substrates  during  metalorgan- 
ic  chemical  vapor  deposition.  We  found  that  the  ver¬ 
tical  growth  rate  of  GaAs  has  a  strong  dependence  on 
the  growth  temperature  and  on  the  mole  fraction  of  the 
carbon  tetrabromide.  We  can  summarize  our  results  as 
the  following.  First,  a  vertical  growth  rate  of  the  GaAs 
epilayer  decreased  as  an  increment  of  growth  tempera¬ 
ture  up  to  700  °C  because  of  the  etching  effect.  Whereas 
the  vertical  growth  rate  increased  with  increasing  growth 
temperature  beyond  700  °C,  because  the  etching  effect  is 
weakened  by  the  decomposition  of  GaBrr.  As  a  result, 
the  curve  of  the  vertical  growth  rate  as  a  function  of  the 
growth  temperature  shows  a  valley  at  the  growth  temper¬ 
ature  of  700  °C.  Second,  the  vertical  growth  rate  decreas¬ 
es  as  increasing  carbon  tetrabromide  mole  fraction  in  the 
range  of  2xl0_6-4.6x  10~6.  The  decrement  of  the  verti¬ 
cal  growth  rate  is  attributed  to  the  increment  of  bromine 
atoms  in  the  reactor  with  increasing  the  carbon  tetra¬ 
bromide  mole  fraction.  The  increment  of  bromine  atoms 
causes  the  etching  effect  of  carbon  tetrabromide.  These 
results  are  useful  in  understanding  the  detail  role  of  CBr4 
on  the  huge  lateral  over  the  vertical  growth  enhancement 
and  how  the  maskless  SE  could  be  achieved. 
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Optimal  conditions  of  the  thickness  and  doping  concentration  for  AIGaAs/GaAs  heteroface  solar 
cell  were  calculated.  Our  result  shows  that  the  dependence  of  efficiency  on  the  thickness  and  doping 
concentration  of  emitter  is  higher  than  that  of  base.  The  optimum  conditions  of  the  thickness 
and  doping  concentration  of  the  emitter  are  600  nm  and  4.0xl017  cm“3,  respectively.  Using  the 
calculated  optimum  conditions,  the  solar  cells  were  fabricated  by  atmospheric  pressure  metalorganic 
chemical  vapor  deposition.  The  size  of  the  solar  cell  was  1  cm  x  1  cm.  When  the  power  of  the 
incident  light  was  86  mW/cm2,  the  measured  open-circuit  voltage,  short-circuit  current,  and  fill 
factor  were  0.79  V,  23.1  mA/cm2,  and  0.64,  respectively,  and  the  measured  efficiency  was  13.7  %. 


I.  INTRODUCTION 

Solar  cell  is  a  basic  component  of  modern  satellites. 
Experts  estimate  that  more  than  50  %  of  all  of  the 
commercial  satellites  now  under  construction  will  be 
equipped  with  GaAs  solar  cells  [1].  GaAs  solar  cells  will 
never  be  as  cheap  as  Si  based  solar  cells.  However,  satel¬ 
lite  manufacturers  are  willing  to  pay  a  premium  for  GaAs 
solar  cells  because  it  shows  higher  efficiency,  superior  ra¬ 
diation  hardness,  and  less  degradation  in  extreme  tem¬ 
perature  [2-4]. 

Incident  photons  with  energies  greater  than  the  band 
gap  of  the  semiconductor  create  electron-hole  pairs  which 
are  separated  by  the  junction.  Some  photogenerated  mi¬ 
nority  carriers  move  to  the  surface  and  recombine  with 
surface  states  which  are  arise  from  dangling  bonds,  chem¬ 
ical  residues,  metal  precipitates,  and  native  oxides  [2-4]. 
In  order  to  prevent  the  surface  recombination,  a  thin  Al- 
GaAs  layer  is  usually  grown  on  the  GaAs  junction  and  it 
is  called  an  AIGaAs/GaAs  heterface  solar  cell  [2-4]. 

In  order  to  determine  the  optimum  conditions  of  the 
AIGaAs/GaAs  heteroface  solar  cell,  computer  simula¬ 
tions  have  been  done.  The  problem  of  minimizing  cell  re¬ 
sistance  has  taken  on  somewhat  of  a  different  nature  with 
the  advent  of  the  extremely  shallow  diffused  cells.  The 
older  deeper- diffused  cell  resistances  were  limited  main¬ 
ly  by  contact  resistance  at  the  electrodes.  The  present- 
day  cells  with  grid  lines,  however,  are  usually  limited 
by  the  resistance  in  the  diffused  sheet  due  to  the  very 
small  cross-sectional  area  which  the  carriers  in  this  re¬ 
gion  traverse,  while  the  contact  resistance  has  been  made 
negligible,  for  the  most  part,  by  the  technology  of  the 


contact  fabrication.  Using  the  results  of  the  optimized 
parameters,  p-AlGaAs/p-GaAs/n-GaAs  heteroface  solar 
cells  have  been  fabricated  by  atmospheric  pressure  met¬ 
alorganic  chemical  vapor  deposition  (MOCVD)  on  n-type 
GaAs  substrate  and  the  solar  cell  characteristics  were  in¬ 
vestigated. 

II.  SIMULATIONS 

Computer  simulations  have  been  performed  to  investi¬ 
gate  the  optimum  conditions  of  a  p-AlGaAs/p-GaAs/n- 
GaAs  heteroface  solar  cell.  Quantum  efficiency  has  been 
calculated  as  functions  of  physical  parameters  such  as  the 
film  thickness  and  the  doping  concentrations  of  a  window 
layer,  a  p-GaAs,  and  an  n-GaAs.  To  allow  more  light  in 
the  underlying  GaAs  layer,  the  A1  mole  fraction  of  Al- 
GaAs  should  be  increased  and  the  thickness  of  the  Al- 
GaAs  layer  must  be  reduced.  When  the  external  voltage 
is  zero,  the  current  of  flowing  into  solar  cell  is  short- 
circuit  current  ( Isc )  which  is  equal  to  the  light-generated 
current  (Iph)  in  ideal  case.  The  total  current  of  solar  cell 
is  given  by  [4] 

Itot  —  Jo-  Atot  (  exP  (  KT  )  / 

Jph  '  Aact  (1) 

where  Aact  is  an  effective  area,  Atot  is  total  area  on  the 
front  surface,  and  Jo  is  saturation  current  density  in  finite 
cell  dimension  [5].  When  the  current  flowing  into  solar 
cell  is  zero,  voltage  is  open-circuit  voltage.  According  to 
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Eq.  (1),  open-circuit  voltage  ( Voc )  is  given  by 


1/ 

Voc  =  —  In 

q 


f  Jph.Aact 

\  JoAtot 


(2) 


The  Voe  is  determined  by  the  relation  between  saturation 
current  density  (Jo)  and  light-generated  current  density 
(Jjc).  For  I-V  curve  of  solar  cell,  when  the  output  power 
for  any  operating  point  in  the  fourth  quadrant  is  max¬ 
imum,  the  voltage  is  Vm)  and  the  current  is  Im.  The 
conversion  efficiency  (77)  and  fill  factor  ( FF )  of  solar  cell 
are  given  by 


Fig.  1.  Calculated  efficiencies  of  p-AlGaAs/p-GaAs/n- 
GaAs  solar  cells  as  functions  of  thicknesses  of  (a)  emitter  and 
window,  (b)  emitter  and  base,  and  (c)  window  and  base. 


*7  = 


l^ln 


FF  •  Isc  ■  Vo, 


FF  — 


ImVm 
LcVoc  ' 


(3) 

(4) 


The  efficiency  of  AlGaAs/GaAs  solar  cell  increases  as 
A1  mole  fraction  x  increases.  In  Fig.  1,  the  calculated 
efficiencies  of  p-AlGaAs/p-GaAs/n-GaAs  solar  cells  as 
functions  of  thicknesses  of  two  different  layers  are  shown. 
Figure  1(a)  shows  the  efficiencies  as  functions  of  thick¬ 
nesses  of  emitter  and  window.  The  dependence  of  the  ef¬ 
ficiency  on  the  thickness  of  emitter  is  stronger  than  that 
of  window  as  can  be  seen  in  Fig.  1(a).  The  current  gen¬ 
erated  in  a  solar  cell  is  related  with  a  semiconductor  ab¬ 
sorption  coefficient,  a  recombination  velocity  of  interface 
layer,  and  a  saturation  current.  The  optimum  thickness 
of  p-AlGaAs  window  layer  is  in  the  range  of  20~60  nm. 
In  that  thickness  range,  both  the  carrier  absorption  at 
the  window  layer  and  the  recombination  velocity  at  the 
p-AlGaAs/p-GaAs  interface  are  small.  Therefore,  theo¬ 
retically,  the  thickness  of  the  AlGaAs  could  be  reduced  to 
around  20~60  nm.  Compromising  the  benefits  of  reduc¬ 
ing  the  thickness  and  minimizing  series  resistance,  the 
thickness  of  300  nm  is  appropriate  [6].  The  optimum 
thicknesses  of  p-GaAs  emitter  and  n-GaAs  base  are  in 
the  range  of  200~600  nm  and  500~1000  nm,  respective¬ 
ly.  The  calculated  efficiency  of  the  heteroface  solar  cell 
was  dramatically  changed  by  small  variation  of  the  dop¬ 
ing  concentration  and  the  thickness  of  the  emitter.  When 
the  effective  area  on  the  front  surface  of  solar  cell  is  90~92 
%  with  the  optimum  condition,  the  efficiency  of  solar  cell 
is  24.9  %.  In  Figs.  1(b)  and  (c),  the  calculated  efficiencies 
of  p-AlGaAs/p-GaAs/n-GaAs  solar  cells  as  functions  of 
the  thicknesses  of  emitter  and  base  and  those  of  base  and 
window  layer,  respectively.  The  dependence  of  the  effi¬ 
ciency  on  the  thickness  of  emitter  is  stronger  than  that 
of  base  as  can  be  seen  in  Fig.  1(b).  On  the  other  hand, 
the  dependence  of  the  efficiency  on  the  thickness  of  win¬ 
dow  layer  is  stronger  than  that  of  base  as  shown  in  Fig. 
1(c).  Therefore,  the  thicknesses  of  the  window  and  emit¬ 
ter  are  more  important  than  that  of  base.  The  thickness 
of  n"*"-GaAs  substrate  layer  does  not  affect  largely  on  the 
recombination  velocity  of  n-GaAs/n+-GaAs  interface  be¬ 
cause  the  energy  gap  difference  between  the  n-GaAs  base 
and  the  n+-GaAs  substrate  is  very  small. 

In  Fig.  2,  the  calculated  conversion  efficiencies  of  the 
p-AlGaAs/p-GaAs/n-GaAs  solar  cells  as  functions  of  the 
doping  concentrations  of  the  emitter  and  base  are  shown. 
The  dependence  of  the  efficiency  on  the  doping  concen¬ 
tration  of  the  emitter  is  stronger  than  that  of  the  base 
as  shown  in  Fig.  2.  The  calculated  conversion  efficien¬ 
cy  of  the  heteroface  solar  cell  is  high  when  the  doping 
concentration  of  p-GaAs  emitter  is  smaller  than  that  of 
p-AlGaAs  window  layer.  The  doping  level  of  the  window 
layer  is  high  enough  to  help  in  reducing  the  series  re¬ 
sistance,  allowing  the  p-GaAs  emitter  to  be  doped  more 
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Fig.  2.  Calculated  efficiencies  of  p-AlGaAs/p-GaAs/n- 
GaAs  solar  cells  as  functions  of  the  doping  concentrations 
of  emitter  and  base  layer. 


lightly  for  a  higher  lifetime  and  better  collection  efficien¬ 
cy.  However,  the  open-circuit  voltage  decreases  as  an 
increment  of  the  doping  concentration  of  p-GaAs  emit¬ 
ter.  The  optimum  doping  concentrations  of  p-AlGaAs 
window  and  p-GaAs  emitter  are  5xl017  cm"3  and  1.5- 
4.0xl017  cm-3,  respectively.  The  relation  of  doping  con¬ 
centration  between  n-GaAs  base  and  n+-GaAs  substrate 
is  similar  to  the  relation  between  p-AlGaAs  window  and 
p-GaAs  emitter.  The  optimum  doping  concentration  of 
n-GaAs  base  is  3.0  —  8.0  x  1017  cm-3. 


III.  EXPERIMENT 

The  heteroface  solar  cells  consisting  of  an  n+-GaAs 
substrate,  an  n-GaAs  base,  a  p-GaAs  emitter,  a  p-type 
Ala;Gai_rAs  window  layer  on  the  p-GaAs  emitter,  with 
composition  of  ar=0.9  were  fabricated.  Epilayers  of  the 
AlGaAs/GaAs  heteroface  solar  cell  were  grown  on  n+- 
GaAs  substrate  by  atmospheric  pressure  MOCVD  in  a 
vertical  quartz  reactor  [7—11].  The  substrate  was  de¬ 
greased  by  boiling  in  organic  solvents  (trichloroethylene, 
acetone,  and  methanol)  in  ten  minutes  and  was  etched 
with  a5H2S04  :  1H202  :  1H20  solution  for  two  minutes. 
The  substrate  was  then  sufficiently  rinsed  in  deionized 
water,  dried  by  pure  nitrogen,  and  finally  loaded  into  the 
reactor.  The  reactor  was  flushed  by  the  H2  gas  to  main¬ 
tain  the  constant  oxygen  free  condition.  Prior  to  the  epi¬ 
taxial  growth,  the  substrates  were  heated  up  to  700  °C 
under  an  arsine  (AsH3)  flux  to  remove  the  native  oxide. 
Trimethylgallium  (TMG)  and  AsH3  of  10  %  diluted  in 
pure  hydrogen  were  used  as  the  source  materials.  AsH3 
was  introduced  at  the  V/JII  ratio  of  60.  The  carrier  gas 
was  Pd-diffused  hydrogen,  iwith  the  flow  rates  being  5,000 
seem.  The  growth  temperature  was  650  °C.  Flow  rates 
of  CC14  was  0.023  seem.  '  The  as-grown  samples  were 


stain-etched  by  a  solution  of  KOH  :  K3Fe(CN)6  :  H20 
(12  g  :  9  g  :  75  cc),  and  then  their  cross-sectional  micro¬ 
graphs  were  observed  by  field  emission  scanning  electron 
microscopy  (SEM)  to  measure  the  thickness  of  the  epi¬ 
layers.  The  electrical  properties  were  measured  by  van 
der  Pauw  Hall  analysis  at  room  temperature. 

The  ohmic  contacts  of  the  as-grown  samples  were  then 
done  by  thermal  evaporation  using  a  shadow  mask.  The 
Au-Zn  (5  %)  contact  to  the  window  layer  and  the  Au- 
Ge  (12  %)  contact  to  the  substrate.  After  metallization, 
the  samples  were  thermally  annealed  at  the  temperature 
of  420  °C  for  three  minutes  in  an  N2  atmosphere.  The 
thermal  treatment  step  is  important  to  achieve  negligi¬ 
ble  contact  resistance.  The  fill  factors  vary  from  growth 
run  to  growth  run,  apparently  due  to  differences  in  se¬ 
ries  resistance,  sheet  resistivity,  and  contact  resistance. 
The  finished  solar  cell  characteristics  were  measured  by 
HP-4156A  using  a  tungsten  light  source. 

IV.  RESULTS  AND  DISCUSSION 

Solar  cells  consisting  of  p-AlGaAs/p-GaAs/n-GaAs 
have  been  fabricated  by  atmospheric  pressure  MOCVD 
on  n-type  GaAs  substrate.  The  thicknesses  and  doping 
concentrations  of  each  layers  were  determined  from  the 
calculating  results.  The  thicknesses  and  doping  concen¬ 
trations  of  p-AlGaAs  window  layer,  p-GaAs  emitter,  and 
n-GaAs  base  were  25  nm  and  5xl017  cm"3,  600  nm  and 
4xl017  cm"3,  and  700~1000  nm  and  5  -  6  x  1017  cm-3, 
respectively.  In  order  to  improve  ohmic  contact,  highly 
doped  p+-GaAs  capping  layer  was  grown  on  the  win¬ 
dow  layer.  The  thickness  and  doping  concentration  of 
p+-GaAs  layer  were  12  nm  and  2xl018  cm-3,  respec¬ 
tively.  The  solar  cell  characteristics  were  measured  using 
a  tungsten  light  source.  In  Fig.  3,  the  current- volt  age  be- 


Fig.  3.  Current- volt  age  behavior  of  a  p-  AlGaAs/p-GaAs/ 
n-GaAs  solar  cell  for  86  mW/cm2  intensity. 
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havior  of  the  p-AlGaAs/p-GaAs/n-GaAs  solar  cell  for  86 
mW/cm2  intensity  is  shown.  The  measured  open-circuit 
voltage,  short-circuit  current,  and  fill  factor  were  0.79  V, 
23.1  inA/cm2,  0.64,  respectively,  and  the  conversion  ef¬ 
ficiency  was  13.7  %  as  can  be  seen  in  Fig.  3.  The  fill 
factor  of  0.64  is  less  than  general  values  in  the  range  of 
0.74~0.82  and  it  is  due  to  large  resistance  [2].  In  order 
to  have  better  fill  factor,  it  is  necessary  to  improve  the 
ohmic  contact  process  and  to  optimize  the  metal  pattern 
[6].  In  this  work,  we  used  a  single  junction  structure, 
however,  to  obtain  higher  efficiency,  it  is  necessary  to  use 
a  multijunction  structure. 

V.  SUMMARY 

For  the  improvement  of  the  efficiency  of  p-AlGaAs/p- 
GaAs/n-GaAs  heteroface  solar  cell,  the  efficiencies  were 
calculated  as  functions  of  the  film  thicknesses  and  doping 
concentrations.  The  optimum  thicknesses  of  p-AlGaAs 
window  layer,  p-GaAs  emitter,  and  n-GaAs  base  were 
about  300  nm,  200~600  nm,  and  500~1000  nm,  re¬ 
spectively.  The  optimum  doping  concentrations  of  p- 
AlGaAs  window  layer,  p-GaAs  emitter,  and  n-GaAs 
base  were  about  5xl017  cm-3,  1.5—4.0xl017  cm”3,  and 
3.0— 8.0xl017  cm-3,  respectively.  Using  the  simulation 
results,  the  p-AlGaAs/p-GaAs/n-GaAs  heteroface  solar 
cells  were  fabricated  by  atmospheric  pressure  MOCVD. 
From  the  current- volt  age  behavior  of  the  solar  cell,  we 
found  that  the  measured  open-circuit  voltage,  short- 
circuit  current,  and  fill  factor  were  0.79  V,  23.1  mA/cm2, 
0.64,  respectively,  and  the  conversion  efficiency  was  13.7 
%  for  86  mW/cm2  intensity.  The  fill  factor  of  0.64  is  less 
than  general  values  and  it  is  due  to  large  resistance.  In 
order  to  have  better  fill  factor,  it  is  necessary  to  improve 
the  Ohmic  contact  process  and  to  optimize  the  metal 
pattern. 
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Shubnikov-de  Haas  (S-dH)  and  Van  der  Pauw  Hall-effect  measurements  on  a  Ino.ieGao.82 As/ 
Alo.25Gao.75  As  strained  single  quantum  well  grown  by  molecular  beam  epitaxy  have  been  performed 
to  investigate  the  existence  of  the  two-dimensional  electron  gas  (2DEG)  in  the  Ino. is  Gao. 82  As  single 
quantum  well.  The  fast  Fourier  transform  for  the  S-dH  data  and  the  observation  of  the  quantum 
Hall  effect  clearly  indicate  2DEG  occupation  of  a  subband  in  the  Ino. is  Gao. 82  As  single  quantum  well. 
Electronic  subband  energy  and  the  corresponding  wavefunction  in  the  Ino.isGao.82  As  quantum  well 
were  calculated  by  a  self-consistent  method  taking  into  account  exchange-correlation  effects  together 
with  strain  and  nonparabolicity  effects. 


I.  INTRODUCTION 

Recently,  rapid  advancements  in  epitaxial  film  growth 
technology  have  made  possible  the  fabrication  of 
several  new  types  of  strained  quantum  wells  [1-5]. 
Among  these  strained  quantum  structures,  pseudomor- 
phic  In^Gai-^As/AlyGai-yAs  quantum  well  structures 
have  been  attractive  due  to  their  large  conduction  band 
discontinuities  and  due  to  the  increase  in  the  electron 
saturation  velocities  in  the  InxGai_xAs/AlyGai_yAs 
quantum  well  compared  to  those  in  GaAs/AlxGai_xAs 
quantum  wells  [6-10].  Although  the  mobility  of  an 
InxGai_xAs/AlyGai_yAs  modulation-doped  structure  is 
smaller  than  that  of  a  conventional  AlxGai_xAs/GaAs 
modulation- doped  structure  at  low  temperatures  due 
to  the  poor  interface  quality  and  the  alloy  scatter¬ 
ing,  its  room  temperature  mobility  is  higher  than  that 
of  the  AlrGai_rAs/GaAs  structure.  In  addition,  a 
two-dimensional  electron  gas  (2DEG)  with  a  density 
up  to  1012  cm""2  can  be  achieved  in  an  InxGai_xAs/ 
AlyGai_yAs  system.  Such  properties  have  allowed  a 
variety  of  device  applications  such  as  high  electron 
mobility  transistors  [11]  and  double  barrier  resonant 
tunneling  structures  [12,13].  Although  some  stud¬ 
ies  concerning  the  electrical  and  optical  properties  in 


InrGai_rAs/AlyGai_yAs  quantum  well  structures  have 
been  studied  [14,15],  both  detailed  charge  transfer  and 
electronic  subband  studies  are  still  very  important. 

II.  EXPERIMENTAL  DETAILS 

The  sample  used  in  this  work  were  grown  on  a 
semi-insulating  (lOO)-oriented  GaAs  substrate  by  molec¬ 
ular  beam  epitaxy  (MBE)  and  consisted  of  the  fol¬ 
lowing  structures:  a  100-A  Si-doped  (2xl018  cm-3) 
GaAs  capping  layer  for  ohmic  contacts,  a  330-A  un¬ 
doped  Alo.25Gao.75As  layer,  a  delta  Si-doped  (2.0 xlO12 
cm-2)  Alo.25Gao.75As  modulation  layer,  a  40-A  un¬ 
doped  Alo.25Gao.75As  spacer  layer,  a  80-A  undoped 
Ino.i8Gao.82As  quantum  well  layer  and  5600- A  GaAs 
buffer  layer.  The  compositions  of  the  layers  were  mea¬ 
sured  by  using  photoluminescence  (PL)  and  double¬ 
crystal  X-ray  diffraction  (DCXD),  and  the  thicknesses  of 
the  layers  were  determined  from  the  transmission  elec¬ 
tron  microscopy  (TEM)  measurements.  Even  though 
there  are  potential  errors  in  the  determination  of  the 
indium  and  aluminum  mole  fractions  by  the  PL  mea¬ 
surements,  such  as  the  uncertainties  of  the  recombination 
mechanisms,  the  band  gap  energies  and  the  exciton  ef- 
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fects,  the  indium  and  aluminum  concentrations  obtained 
from  the  PL  measurements  were  confirmed  by  the  DCXD 
measurements. 

Ohmic  contacts  to  the  samples  for  the  S-dH  and  Hall 
effect  measurements  were  made  by  diffusing  a  small 
amount  of  indium  through  several  layers  at  450  °C  in 
a  hydrogen  atmosphere  for  approximately  10  min.  Af¬ 
ter  ohmic  contacts  were  performed,  the  GaAs  cap  layer 
was  removed  to  get  rid  of  parallel  conductance  for  mea¬ 
surements.  The  S-dH  and  Hall-effect  measurements  were 
carried  out  at  1.5  K  in  a  magnetic  field  up  to  18  T  in  an 
Oxford  superconducting  magnet  system  using  a  Keithely 
181  nanovoltmeter. 

III.  RESULTS  AND  DISCUSSION 

The  bright-field  TEM  image  shows  that  there  are 
no  defects  due  to  dislocations  or  stacking  faults.  The 
electron  diffraction  pattern  from  the  sample  shows  that 
there  are  no  misfit  dislocations  at  the  Alo.25Gao.75As/ 
Ino.i8Gao.82As  and  the  Ino.1sGao.82As/GaAs  heteroint¬ 
erfaces.  A  high-resolution  cross-sectional  TEM  image  of 
the  Ino.i8Gao.82As/Alo.25Gao.75As  structure  shows  that 
the  lattice  structures  on  both  sides  of  the  heteroepitaxial 
interface  have  no  dislocations,  stacking  faults,  and  twins 
and  that  they  have  a  very  smooth  interface  on  the  atomic 
scale.  Therefore,  the  Ino.i8Gao.82As  active  quantum  well 
is  pseudomorphically  grown  on  the  GaAs  buffer  layer. 

The  existence  of  mobile  electrons  in  an  Ino.i8Gao.82As 
/Al0.25Ga0.75As  single  quantum  well  was  demonstrated 
by  the  Van  der  Pauw  Hall  effect  measurements.  The 
Hall-effect  measurements  at  300,  77  and  1.5  K  in  a  mag¬ 
netic  field  of  0.5  T  showed  that  the  mobilities  and  carrier 
concentrations  were  6.18xl03,  2.56xl04  and  1.52x10s 
cm2/V-sec,  and  2.21xl012,  2.12xl012  and  2.07xl012 
cm"2,  respectively.  The  magnitude  of  mobility  at  1.5 
K  is  almost  comparable  with  that  obtained  from  the 
Ino.17Gao.83As/Ino.15Gao.85As  strained  quantum  well  [8], 
and  the  mobility  at  low  temperatures  is  saturated  by  the 
increased  remote  ionized  impurity  scattering.  The  in¬ 
crease  in  the  carrier  density  with  increasing  temperature 
is  attributed  to  the  thermal  generation  of  carriers  in  the 
Alo.25Gao.75As  modulation  layer. 

S-dH  measurements  were  carried  out  in  order  to  inves¬ 
tigate  the  nature  of  the  free  electron  providing  the  high 
conductivity  at  1.5  K.  The  results  of  the  S-dH  is  shown 
in  Fig.  1.  The  period  of  the  oscillation  changes  with  the 
angle  6  between  the  magnetic  field  and  the  surface  nor¬ 
mal,  indicative  of  a  2DEG  occupying  the  Ino.isGao.82 As 
quantum  well.  Additionally,  the  observed  quantum  Hall- 
steps  in  the  Hall  resistance  as  shown  in  Fig.  2  confirms 
the  existence  of  a  2DEG  in  the  Ino.1sGao.82As  quantum 
well.  The  presence  of  the  plateaus  also  confirms  the  ex¬ 
istence  of  localized  states,  which  are  expected  to  exist  in 
real  two-dimensional  systems  [16]. 
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MAGNETIC  FIELD  (T) 

Fig.  1.  Results  of  Shubnikov-de  Haas  measurements  on 
a  GaAs/Ino.isGao.82  As/Alo.25Gao.75As  strained  single  quan¬ 
tum  well  at  1.5  K.  6  represents  an  angle  between  the  magnetic 
field  and  to  the  heterointerface  normal. 


Fig.  2.  Results  of  Hall  effect  measurements  on  a  GaAs/ 
Ino.i8Gao.82As/Alo.25  Gao. 75 As  strained  single  quantum  well 
at  1.5  K. 

After  high-pass  filtering  was  performed  in  order  to  get 
rid  of  the  background  magnetoresistance,  the  S-dH  data 
were  digitized  linearly  in  terms  of  the  inverse  of  the  mag¬ 
netic  field  [17].  The  result  of  a  fast  Fourier  transform 
(FFT)  is  shown  in  Fig.  3.  A  peak  is  observed  at  41.7 
T,  with  its  second  harmonic  at  83  T.  The  corresponding 
electron  density  is  (2.016±0.3)x  1012  cm"2.  The  agree¬ 
ment  of  the  carrier  density  determined  from  the  S-dH 
and  Hall  effect  measurements  at  the  same  temperature 
is  reasonable.  When  the  magnetic  field  is  oriented  at  30° 
with  respect  to  the  surface  normal,  the  peak  postion  is 
shifted  to  47.3  T  which  is  (41.7  T/cos  30°). 

To  determine  the  subband  energy  and  the  correspond¬ 
ing  wavefunction  the  experimental  results  and  a  self- 
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FREQUENCY  (T) 


Fig.  3.  Fast  Fourier  analyses  of  Subnikov-de  Haas  data  for 
a  GaAs/In0.i8 Gao.82 As/Alo.25 Gao. 75 As  strained  single  quan¬ 
tum  well. 

consistent  numerical  calculation  taking  into  account  the 
exchange-correlation  effects  together  with  strain  and 
nonparabolicity  effects  were  used  [18].  The  detailed 
studies  on  the  strain,  the  nonparabolicity,  the  exchange- 
correlation  effects  were  discussed  in  the  literature  [19]. 
The  dielectric  constant  of  13.5  is  chosen  to  be  the  same 
in  both  the  barriers  and  the  well  [20],  while  the  con¬ 
duction  band  edges  and  the  electron  effective  masses 
were  assumed  to  change  abruptly  at  the  heterointer¬ 
face.  The  conduction  band  offsets  at  the  Ino.i8Gao.82As/ 
Alo.25Gao.75As  and  Ino.i8Gao.82As/GaAs  heterointer¬ 
faces  taking  into  account  strain  effects  were  taken  to 
be  345  meV  and  44  meV,  respectively  [20].  The  ef¬ 
fective  masses  of  the  Alo.25Gao.75As,  Ino.i8Gao.82As, 
and  GaAs  were  taken  to  be  0.082  me,  0.059  me 
and  0.067  me,  respectively  [21].  The  results  of  the 
numerical  calculation  for  the  electronic  subbands  in 


DISTANCE  (A) 

Fig.  4.  An  electronic  subband  structure  of  a  GaAs/ 
Ino.i8Gao.82As/Alo.25Gao.75As  quantum  well  calculated  by 
taking  into  account  the  strain  and  nonparabolicity  effects. 


an  GaAs/Ino.i8Ga0.82As/Alo.25Ga0.75As  single  quantum 
well  are  shown  in  Fig.  4.  The  solid  and  the  dotted  lines 
represent  the  ground  state  subband  energy  and  the  corre¬ 
sponding  wavefunction,  respectively,  and  EF  represented 
by  the  dashed  line  indicates  the  Fermi  energy  level. 

IV.  SUMMARY  AND  CONCLUSIONS 

S-dH  measurements  and  the  Hall  measurement  were 
performed  on  an  GaAs/Ino.i8Gao.82As/Alo.25Gao.75As 
single  quantum  well  grown  by  MBE.  The  angular  depen¬ 
dence  of  the  S-dH  measurements  and  the  clear  observa¬ 
tion  of  the  quantum  Hall  plateaus  at  1.5  K  demonstrated 
the  existence  of  2DEG  in  the,  system.  The  FFT  results 
for  the  S-dH  data  indicate  that  a  2DEG  was  occupied  at 
one  subband  in  the  asymmetric  Ino.1sGao.82As  quantum 
well.  Self-consistent  numerical  calculations  taking  into 
account  exchange-correlation  effects  together  with  strain 
and  nonparabolicity  effects  were  carried  out  in  order  to 
determine  the  subband  level  and  the  corresponding  wave- 
function  in  the  Ino.1sGao.82As  quantum  well. 
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The  problem  of  of  structural-phase  transitions  in  the  metalization  layers  of  NbNx-GaAs  Schottky 
contacts  is  considered.  The  results  of  scanning  electron  microscopy  (SEM),  energy  dispersion  X-rays 
(EDX)  analysis  and  7-irradiation  effect  on  the  electro-physical  parameters  of  diodes  are  presented. 
It  has  been  found  that  the  radiation  stability  of  NbNx-GaAs  contacts  could  be  improved  by  varying 
the  structural-phase  content  of  NbNx  films. 


I.  INTRODUCTION 

The  problem  related  with  the  fabrication  of  metal- 
semiconductor  (S)  contact  structures  subjected  to  ex¬ 
treme  effects  remains  unsolved  till  now.  It  is  connected  to 
the  unsufficient  understanding  of  the  role  of  the  various 
physical-chemical  factors  in  mechanisms  of  formation  and 
degradation  of  MS  transitions  subjected  to  various  active 
effects  that  does  not  allow  to  predict  intensity  and  direc¬ 
tions  of  interactions  of  metals  with  semiconductor  and, 
consequently,  to  determine  a  degree  of  their  influence 
on  electro-physical  parameters  of  the  contact.  To  the 
number  of  such  not  enough  investigated  factors,  defin¬ 
ing  structure  and  properties  of  the  interphase  boundaries 
(IPB)  of  MS  contacts,  it  is  possible  to  refer  the  structural- 
phase  transitions  in  the  metalization  layers  influencing 
not  only  on  sizes  of  transitional  area  of  contact,  but  also 
on  its  structural-chemical  homogeneity. 

The  NbNx-GaAs  structures  subjected  to  the  7- 
irradiation  from  Jg60  were  studied.  The  choice  of  niobium 
nitride  as  a  barrier  material  was  stipulated  by  that  vary¬ 
ing  conditions  of  sputtering  and  annealing  acceptable  to 
obtain  a  film  as  in  amorphous  and  crystalline  conditions 

[i] 

II.  EXPERIMENTAL  DETAILS 

The  layers  of  NbNx  were  produced  by  magnetron  sput¬ 
tering  of  Nb  (99.95  %)  with  various  concentration  of  ni¬ 
trogen  in  a  gas  mixture  with  an  argon.  GaAs  of  a  n-type 
( n  =  5  •  10 16  cm"3)  with  the  (100)  surface  orientation 


was  used  as  substrate.  The  fabricated  contacts  were  an¬ 
nealed  at  T=850  °C  for  10  s  for  the  modification  of  the 
structural  state  of  sputtered  metal  films. 

The  chemical  content  data  of  NbNx  layers  was  tak¬ 
en  using  the  EDX  microanalysis.  The  scanning  electron 
microscopy  (SEM)  in  a  mode  of  secondary  electrons  was 
used  to  study  the  morphology  of  coated  films. 

To  determinate  of  electrophysical  parameters  of  con¬ 
tacts  and  their  modifications  subjected  to  7-irradiation 
I(V)  dependences  were  measured.  The  used  set  of  exper¬ 
iments  yields  the  barrier  height  (<££,),  ideality  factor  (n), 
density  of  surface  states  ( Nss )  and  sizes  of  transitional 
area  (S/e)  [2]. 

III.  RESULTS  AND  DISCUSSION 

The  study  of  coated  film  structure  with  the  use  of 
SEM  (Fig.  1)  has  shown  that  sputtered  layers  consist  of 
tiny  particles  or  crystals  whose  dispersibility  depends  on 
the  film  fabrication  conditions.  Most  homogeneous  low- 
dispersive  films  were  obtained  with  the  gas  mixture  of 
low  nitrogen  content.  In  a  case  of  mixture  gas  with  high 
nitrogen  concentration  the  formation  of  microclusters  is 
observed.  The  annealing  promotes  the  improvment  of  a 
structural  homogeneity  of  films  but  one  should  note  the 
formation  of  separate  large-scale  clusters. 

The  results  of  EDX  analysis  of  NbNx  films  before  and 
after  annealing  are  shown  in  Fig.  2.  According  to  EDX 
spectra  as-deposited  layers  which  were  obtained  in  differ¬ 
ent  modes  of  sputtering  do  not  contain  contaminations. 
The  annealing  which  promotes  a  modification  of  struc- 
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Fig.  1.  The  tipical  SEM  image  of  Nb'Nx  films’  surface. 
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Fig.  2.  The  result  of  EDX  analysis  of  NbNx  films  before 
(a)  and  after  annealing  (b).  The  fabrication  condition  for  the 
examined  sample  is  clarified  in  text. 


tural  condition  and  morphology  of  sputtered  layers  [1] 
results  to  more  uniform  distribution  of  components  in 
NbNx  layers. 

The  appearing  of  Ga,  As  peaks  in  the  energy  range 
from  1.1  KeV  to  1.3  KeV  is  connected  to  scanning  of 


Journal  of  the  Korean  Physical  Society,  Vol.  34,  June  1999 

semiconducting  substrate.  One  can  explain  that  the 
depth  of  generation  of  X-rays  of  Ga  and  As  Ra  lines 
whose  critical  potential  on  the  order  is  more  than  an  ex¬ 
citation  energy  of  electrons  from  L  shells  considerably  ex¬ 
ceeds  a  thickness  of  NbNx  sputtered  layer  (0.5  /zm).  Tak¬ 
ing  into  account  an  absorption  of  generated  X-radiation 
it  is  possible  to  suppose  that  the  observable  modifications 
of  spectral  lines’  intensities  describe  the  modifications  of 
nuclear  structure  of  GaAs  contact  layers  which  define 
electrophysical  parameters  of  heterojunctions. 

One  of  the  reasons  of  observable  modifications  in  chem¬ 
ical  structure  of  NbNx  layers  before  and  after  annealing 
could  be  the  transformation  of  their  nuclear  structure  ac¬ 
companying  with  diffusion  redistribution  of  components 
in  sputtered  films  and  their  possible  partial  diffusion  into 
semiconducting  substrate.  Actually,  as  it  was  marked  in 
[1],  due  to  modification  of  concentration  of  nitrogen  in  a 
working  mixture  and  annealing  the  following  structural 
phase  transitions  take  place: 


type  1  type  2  type  3 


Amorphous  layers  of  niobium  nitride,  obtained  with 
low  (<5  %)  and  high  (>20  %)  concentration  of  nitrogen, 
are  in  various  structural  modifications  which  define  the 
type  of  a  lattice  after  consequent  crystallization  due  to 
temperature  annealing  [1]. 

Thus,  conditions  of  film  sputtering  and  their  heat 
treatment  influence  on  a  chemical  homogeneity,  nucle¬ 
ar  structure  and  morphology  of  metalization  layers.  This 
fact  should  be  taken  into  account  in  a  case  of  analysis 
of  electrophysical  parameters’  stability  of  contact  struc¬ 
tures  obtained  in  different  technological  modes  subjected 
to  the  external  extreme  factors,  in  particular,  ionizing  ra¬ 
diation. 

The  modifications  of  the  Schottky  NbNx-GaAs  con- 
tats’parameters  caused  by  £f60  7-irradiation  dose  are 
represented  in  Table  1,  2  and  3.  One  can  observe  that 
the  7-irradiation  has  pronounced  influence  to  the  ideality 
factor  n,  weakly  changing  barrier  height  <pb ,  and  practi¬ 
cally  does  not  affect  on  the  magnitude  of  a  reverse  current 
Irev.  In  the  last  case  any  correlation  between  Ircv  mod¬ 
ifications  versus  7-irradiation  and  conditions  of  contact 
structure’s  fabrication  was  not  observed,  i.e.  there  are 
no  structural  modifications  of  metalization  layers.  The 
recent  study  of  the  influence  of  g?60  7-irradiation  on  prop¬ 
erties  of  metal-GaAs  contacts  the  with  monocomponent 
metallization  has  shown  that  in  the  investigated  range  of 
7-irradiation  dozes  took  place  the  sharp  decrease  of  Irev 
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Table  1.  Set  of  elect rophysical  parameters  of  NbNx-GaAs 
Schottky  contacts  (type  1)  versus  7-radiation  dose. 


(a)  before  annealing 


<PB , 

71 

Irev ) 

Nss, 

eV 

li  A 

10-12  cm-2 

nm 

as  deposited 

0.68 

1.18 

0.80 

6.96 

9.00 

10s  Rad 

0.61 

1.09 

0.67 

8.37 

8.32 

106  Rad 

0.60 

1.28 

0.50 

6.96 

8.21 

107  Rad 

0.58 

1.10 

0.52 

8.58 

8.00 

(b)  after  annealing  T= 

850  °C 

VB, 

n 

Irev  j 

Nss, 

6/u, 

eV 

flA 

10-12  cm-2 

nm 

as  deposited 

0.54 

1.41 

31.65 

5.95 

7.58 

105  Rad 

0.55 

1.80 

20.80 

1.98 

7.68 

106  Rad 

0.55 

1.70 

13.15 

2.98 

7.68 

107  Rad 

0.51 

1.62 

20.40 

4.01 

7.23 

Table  2.  Set  of  elect  rophysical  parameters  of  NbNx-GaAs 
Schottky  contacts  (type  2)  versus  7-radiation  dose. 


(a)  before  annealing 


<PB, 

n 

Irev j 

Nss, 

S/ti, 

eV 

flA 

10-12  cm  2 

nm 

as  deposited 

0.58 

1.06 

21.65 

8.96 

8.00 

105  Rad 

0.57 

1.02 

10.50 

9.47 

7.90 

106  Rad 

0.59 

1.04 

11.75 

9.03 

8.11 

107  Rad 

0.57 

1.10 

10.40 

8.69 

7.90 

(b)  after  annealing  T= 

:850  °C 

n 

Irev > 

Nss, 

B/u, 

eV 

flA 

10-12  cm-2 

nm 

as  deposited 

0.58 

1.53 

0.18 

4.48 

8.00 

105  Rad 

0.58 

1,51 

0.20 

4.67 

8.00 

106  Rad 

0.71 

1.50 

0.42 

4.11 

9.27 

107  Rad 

0.65 

1.50 

0.13 

4.38 

8.71 

Table  3.  Set  of  clectrophysical  parameters  of  NbNx-GaAs 
Schottky  contacts  (type  3)  versus  7-radiation  dose. 


(a)  before  annealing 


<pB, 

Irev > 

Nss, 

6/f.. 

eV 

Tt 

/jA 

10-12  cm"2 

nm 

as  deposited 

0.60 

1.58 

30.50 

3.90 

8.21 

105  Rad 

0.55 

1.12 

31.15 

8.74 

7.68 

106  Rad 

0.59 

1.12 

20.35 

8.28 

8.11 

107  Rad 

0.57 

1.18 

23.50 

7.92 

7.90 

(b)  after  annealing  T= 

=850  °C 

tpBy 

n 

Irevi 

Nss, 

&/u, 

eV 

flA 

10-12  cm"2 

nm 

as  deposited 

0.64 

2.04 

1.10 

0.93 

8.61 

10s  Rad 

0.63 

1.79 

1.15 

1.83 

8.51 

106  Rad 

0.70 

1.70 

1.50 

2.49 

9.18 

107  Rad 

0.64 

1.74 

0.95 

2.30 

8.61 

(on  the  orders  of  magnitudes)  [3,4].  This  phenomenon 
is  stipulated  by  processes  of  annihilation  of  initial  struc¬ 
tural  defects  that  causes  to  magnification  of  effective  life 
time  of  minority  carriers  and,  therefore,  Irev  decrease. 
The  absence  of  7-irradiation  influence  on  excess  redun¬ 
dant  reverse  currents  of  NbNx-GaAs  diodes  can  be  led 
to  destruction  of  GaAs  surface  layers  due  to  magnetron 
sputtering  of  NbN*,  Le.  the  process  of  NbN*  film  dif¬ 
fusion  to  GaAs  is  accompanied  by  destruction  of  a  semi¬ 
conducting  lattice  and  capturing  of  Ga  and  As  atoms  by 
a  growing  film.  The  spectra  of  defects  and  their  con¬ 
centration  depend  on  conditions  of  a  film  sputtering  and 
determine  reference  values  of  diodes’  reverse  currents.  At 
the  same  time  the  magnitudes  of  <pb  and  n  versus  a  doze 
of  7-irradiation  depend  on  a  structural  condition  of  a 
metal  film  and  have,  as  a  rule,  nonmonotonous  charac¬ 
ter.  Let  us  mark  that  the  observable  ipb  and  n  modi¬ 
fications  are  not  connected  only  to  nuclear  structure  of 
covered  film,  but  also  to  type  of  structural-phase  tran¬ 
sition:  “disorder-order”  or  “order-order”  of  the  NbNx 
film.  Taking  into  account  both  ipt  and  n  dependence  on 
concentration  of  surface  electron  states  (SES)  [2]  it  would 
be  possible  to  explain  the  observed  doze  modification  due 
to  their  mutual  modifications  by  introducing  SES.  How¬ 
ever,  as  follows  from  Tables  1,  2,  3  there  is  no  precise 
correlation  in  doze  dependencies  (pi  and  n.  The  calcu¬ 
lations  specify  a  nonmonotonous  Nss  modification  with 
a  doze  of  7-irradiation  and  modification  of  a  thickness 
of  the  transitional  layer.  The  extrema  of  theese  magni¬ 
tudes  do  not  coincide  and  corespond  to  different  dozes 
of  7- irradiation.  In  this  case  it  is  necessary  to  assume 
that  the  correlation  of  sputtered  metal  films’  structure 
and  the  degree  of  modification  of  electro-physical  param¬ 
eters  of  SB  for  fixed  dozes  of  7-irradiation  will  be  reduced 
because  of  structural-chemical  heterogeneities  of  MS  con¬ 
tacts.  The  role  of  structural-chemical  heterogeneities  of 
contacts  in  mechanisms  of  formation  and  degradation  of 
SB  based  on  GaAs  were  specified  in  [5]. 

Thus,  the  results  of  our  experiments  allow  to  conclude 
that  modification  of  the  structural-phase  content  of  met¬ 
alization  layers  results  to  an  increasing  of  MS  contacts 
radiation  stability.  However,  the  choice  of  optimum  tech¬ 
nology  modes  of  contacts’  fabrication  for  these  purposes 
is  closely  connected  to  a  solution  of  a  problem  of  main¬ 
tenance  of  structural-chemical  homogeneity  of  the  MS 
transition.  The  work  was  supported  by  STCU  under  the 
project  464.  A.  A.  Belyaev  would  like  to  thank  DA  AD 
for  given  grant. 
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Using  structural,  electrophysical  and  photoluminescence  methods,  we  investigated  the  effect  of 
rapid  thermal  annealing  (RTA)  on  the  properties  of  TiBx  (TiNa?)-n-7i+-GaAs  structures.  It  was 
shown  that  the  changes  in  the  spectra  of  point  defects  in  the  near-contact  regions  resulting  from 
RTA  at  T=400,  600  and  800  °C  are  due  to  the  interactions  between  phases  in  the  metallization 
materials  and  the  substrate.  Judging  from  the  heat  stability  of  the  electrophysical  parameters  of 
Schottky  barriers,  the  TiNx-n-n+-GaAs  surface- barrier  structures  have  higher  heat  tolerance. 


I.  INTRODUCTION 

During  the  last  years  it  has  been  found  that  the  use 
of  conventional  metal  materials  (such  as  titanium,  plat¬ 
inum,  chromium,  etc.)  for  formation  of  highly  reliable 
barrier  contacts  to  gallium  arsenide  is  limited  by  the  in¬ 
teractions  between  phases  at  the  interfaces-from  the  sides 
of  both  a  metal  (phase  formation)  and  gallium  arsenide 
(mass  transport  of  a  metal  into  semiconductor,  appear¬ 
ance  of  the  recombination-generation  centers)  [1,2].  That 
is  why  the  contacts  made  of  the  alloys  of  refractory  metals 
nitrides  and  borides  (that  practically  do  not  chemically 
interact  with  semiconductor)  are  proposed  as  an  alterna¬ 
tive  to  the  barriers  made  of  pure  metals  [3,4].  However, 
there  are  practically  no  direct  experimental  evidences  of 
the  absence  of  such  contacts  interaction  with  gallium  ar¬ 
senide. 

Here  we  present  some  results  of  our  investigations  of 
the  effect  of  rapid  thermal  annealing  (RTA)  at  temper¬ 
atures  from  400  to  800  °C  on  the  properties  of  TiBx 
(TiNr)-n-n+~GaAs  interfaces.  The  studies  have  been 
performed  using  structural,  electrophysical  and  photo¬ 
luminescence  methods. 

II.  EXPERIMENTAL 

We  have  studied  the  TiBr  (TiNx)-n-n+-GaAs  surface- 


barrier  structures.  The  Te-doped  epitaxial  layers  of 
n-GaAs  were  VPE-grown  on  the  heavily  Te-doped 
Czochralski-grown  GaAs  (100).  The  epitaxial  structures 
were  industrially  manufactured  in  accordance  with  the 
ETO.035.026  standard.  The  dopant  concentration  in  the 
n- regions  of  different  samples  varied  from  3  to  4xl016 
cm-3,  while  that  in  the  n+- regions  was  >2xl018  cm“3. 
The  n- region  (substrate)  thickness  was  ~5-^6  //  (300  fi). 

The  TiNx  and  TiBx  layers,  50  nm  thick,  were  deposit¬ 
ed  onto  the  n-n+-GaAs  structures  (previously  exposed  to 
photon  cleaning)  using  magnetron  sputtering.  The  depo¬ 
sition  rate  was  5—10  A/s  for  both  metallization  systems, 
the  discharge  current  being  0. 2~0.4  A.  The  electron- 
diffraction  patterns  taken  for  the  initial  metal  layers 
demonstrated  only  the  substantially  blurred  diffraction 
lines  (see  Fig.  1(a)  for  TiBx  films  and  Fig.  1(b)  for  TiNx 
films).  This  fact  indicates  that  the  deposited  films  were 
quasiamorphous. 

III.  RESULTS  AND  DISCUSSION 

Shown  in  Fig.  2  are  the  Schottky  barrier  height  (fB 
and  the  ideality  factor  n  vs  the  annealing  (for  60  s)  tem¬ 
perature  curves.  They  were  calculated  from  the  forward 
branches  of  the  I  —  V  curves  for  the  TiBx-n-n+-GaAs 
(curves  1,  3)  and  TiNx-n-n+-GaAs  (curves  2,  4)  surface- 
barrier  structures.  One  can  see  that  the  TiNx-n-n+- 
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(a) 


(b) 


Fig.  1.  Electronography  pattern  of  TiBx  (a)  and  TiN*  (b) 
layers. 


Fig.  2.  Barrier  height  <pB  and  ideality  factor  n  vs  annealing 
temperature  curves. 


GaAs  diode  structures  demonstrate  higher  heat  stability: 
their  Schottky  barrier  height  and  ideality  factor  practi¬ 
cally  do  not  change  under  thermal  annealing  at  temper¬ 
atures  up  to  700  °C. 

These  results  are  supported  with  the  Auger  concentra¬ 
tion  depth  profiles  for  the  components  of  both  type  con¬ 
tacts  taken  for  the  initial  and  annealed  test  structures 
(Fig.  3(a),  b-TiBarn-n+-GaAs  structures,  Fig.  4(a),  b- 
TiNx-n-n+-GaAs  structures).  An  analysis  of  these  pro¬ 
files  has  shown  that  both  initial  and  annealed  (at  T*=4 00 
and  600  °C)  test  structures  have  practically  the  same 
interfaces  whose  spreading  due  to  heat  annealing  is  but 
slight;  the  layered  structure  of  contacts  is  stable.  Howev- 
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Fig.  3.  Element  concentration  depth  profiles  for  the 
TiBx-n-n+-GaAs  Schottky  contacts:  (a)-initial  samples; 
(b)-after  annealing  at  T= 800  °C. 


Fig.  4.  Element  concentration  depth  profiles  for  the 
TiNx-7i-7i+-GaAs  Schottky  contacts:  (a)-initial  samples; 
(b)-after  annealing  at  T=800  °C. 
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er,  the  titanium  nitride  and  boride  layers  are  chemically 
nonuniform.  In  addition  to  Ti,  N  and  B,  they  contain 
also  large  quantities  of  carbon  and  oxygen.  Presence  of 
oxygen  in  the  reaction  area  is  accompanied  with  the  ti¬ 
tanium  oxidation  that  is  competitive  with  the  titanium 
interaction  with  nitrogen.  As  a  result,  the  titanium  ox¬ 
ides,  oxinitrides  and  oxiborides  are  formed.  Presence  of 
carbon  prevents  the  reaction  in  the  film  to  end.  Thus  the 
resulting  film  coatings  are  not  in  the  state  of  thermody¬ 
namic  equilibrium. 

When  the  annealing  temperature  is  increased  up  to  800 
°C,  then  further  changes  of  phase  composition  take  place 
in  the  TiB*  and  TiN*  films.  For  TiBx-n-n+-GaAs  struc¬ 
tures  intermixing  of  components  occurs  (see  Fig.  3(b)), 
while  in  the  TiNr-n-n+-GaAs  structures  the  transition 
layer  spreading  grows  (see  Fig.  4(b)).  The  latter  fact  pro¬ 
vides  higher  heat  stability  of  the  TiNr-n-n+-GaAs  con¬ 
tact  as  compared  with  the  TiBx-n-n+-GaAs  one.  This 
agrees  with  the  electrophysical  parameters  of  the  surface- 
barrier  diode  structures  (Fig.  2). 

Another  factor  affecting  the  physical  properties  of  the 
barrier  contacts  of  both  types  is  the  physico-chemical 
structure  of  the  contact  transition  layer.  One  can  ex¬ 
pect  that  during  the  nitride  and  boride  layers  deposition 
at  the  initial  stages  of  their  formation  there  exists  a  high 
probability  for  the  formation,  in  the  GaAs  surface  re¬ 
gion,  of  the  GaAssBi-*  (GaAs^Ni-*)  solid  solutions  in 
the  case  of  TiBx.  (TiNr)  metallization. 

Formation  of  solid  solutions  based  on  GaAs  and  tita¬ 
nium  and  boron  nitrides  was  confirmed  by  both  mass 
spectrometry  and  photoluminescence  studies-see  Table  1 
and  Fig.  5.  From  the  analysis  of  the  photoluminescence 
spectra  shown  in  Fig.  5  one  can  conclude  that: 

—  more  photoluminescence  bands  are  observed  in  the 
GaAs  near-contact  region  as  compared  to  the  GaAs  sub¬ 
strate;  this  fact  indicates  at  a  production  of  structural 
and  impurity  defects  in  a  thin  near-contact  layer  of  GaAs 
during  contact  formation  and  annealing; 

—  all  the  observed  photoluminescence  bands  increase 
their  intensity  after  heat  annealing  at  T=400  and  600  °C, 
while  heat  annealing  at  T= 800  °C  leads  to  the  intensity 
decrease,  or  even  to  the  disappearance  of  the  bands; 

—  there  are  excitonic  bands  in  the  photoluminescence 
spectra  taken  from  the  contact  side:  they  are  located 
at  1.54  eV  for  the  initial  TiBr-n-n+-GaAs  sample  and 


Table  1.  Mass  spectrometry  of  the  TiBx  (TiN x)-n-n+- 
GaAs  structures. _ 


Atomic  Element/  . 
Structure  .  , 

units  mass  compound 

[on  current  in  the  transi¬ 
tion  layer,  arb.  unit. 

TiR  n  «  + 

75 

As 

‘  <104 

155 

GaBAs 

10^ 

”  Vjr  l/vS  ■“ 

192 

GaAsTi 

~2xW 

TMVr  *,+ 

75 

As 

<10* 

X  Hi  — 

O  A  Q 

172 

GaAsN2 

5 

-VJdAb  — 

192 

GaAsTi 

3 

hV,  eV 


Fig.  5.  Photoluminescence  spectra  of  the  TiBo;-7i-n+-GaAs 
(a),  (b)  and  TiN x-n-n* -GaAs  (c),  (d)  struc-  tures  taken  at  T 
=  77  K  from  the  substrate  side  (a),  (c)  and  from  the  metal¬ 
lization  layer  side  (b),  (d):  initial  ( - )  and  after  annealing 

at  400  ( - -),  600  ( - )  and  800  °C  ( - ). 


at  1.52  eV  for  the  TiBr-n-n+-GaAs  samples  annealed  at 
T=400  and  600  °C,  while  there  was  no  excitonic  band  in 
the  samples  exposed  to  heat  annealing  at  T—  800  °C;  for 
the  TiNa;-n-n+-GaAs  samples  this  band  lies  at  ~1 .50  eV 
(initial  sample  and  after  annealing  at  T=800  °C),  while 
after  annealing  at  T=400  and  600  °C  it  is  at  ~1.54  eV; 
—  the  photoluminescence  spectra  of  the  TiNx-n-n+-GaAs 
structure  taken  from  the  contact  side  are  more  stable 
against  heat  action  than  those  of  the  TiBx-n-n+-GaAs 
contacts; 

The  shown  photoluminescence  spectra  of  the  contacts 
of  both  types- and,  especially,  presence  in  them  of  the  ex¬ 
citonic  bands  (whose  peaks  lie  at  higher  energies  than 
that  of  GaAs)  indicating  at  the  fact  that  in  the  GaAs 
near-contact  region  thin  and  perfect  interlayers  of  the 
compounds  whose  gaps  exceed  that  of  GaAs  are  formed- 
support  the  results  of  mass  spectrometry.  They  are  al¬ 
so  in  a  good  agreement  with  the  results  of  the  electro¬ 
physical  parameters  measurements  for  the  surface-barrier 
structures  studied. 


IV.  CONCLUSIONS 

Thus  our  investigations  of  structural,  photolumines¬ 
cence  and  electrophysical  properties  of  the  TiBx  (TiN*)- 
n-n+-GaAs  surface-barrier  structures  enabled  us  to  fol- 
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low  the  changes  in  the  spectra  of  the  point  defects  in 
the  near-contact  regions  resulting  from  RTA  at  T=400, 
600  and  800  °C.  We  have  shown  also  that  such  changes 
are  due  to  the  interactions  between  phases  in  the  metal¬ 
lization  materials  and  the  substrate  and  found  that  the 
TiNx-n-n+-GaAs  surface-barrier  structures  are  more  sta¬ 
ble  against  heat  action  (judging  from  the  heat  stability 
of  the  electrophysical  parameters  of  Schottky  barriers). 
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The  eigenvalues  and  the  wave  functions  of  GaAs/ALGai-xAs  asymmetric  double  quantum  well 
structure  have  been  calculated  by  using  of  complex  energy  method.  Based  on  theoretical  calculations, 
tuning  ranges  from  9  to  14  /xm  are  predicted  for  the  proposed  asymmetric  coupled-quantum- well 
structure.  In  addition  we  calculated  the  energy  eigenvalues  and  the  wave  functions  of  an  electron  in 
GaAs/ALGai-iAs  single  quantum  well  structure  (including  6-perturbation).  The  variation  in  E\ , 
the  ground  state  energy  eingenvalue  of  the  electron,  depends  on  the  strength  and  position  of  the 
perturbation  within  the  well. 


I.  INTRODUCTION 

Long- Wavelength  Infrared  (LWIR)  imaging  in  the 
wavelength  range  from  8  to  14  p m  has  been  attractive 
to  many  researchers,  especially  military  scientists,  ow¬ 
ing  to  its  own  physical  properties  such  as  propagation 
stability  in  atmosphere  due  to  very  small  absorption  of 
photon  waves  by  water  molecules  or  CO2  and  the  maxi¬ 
mum  emission  energy  of  the  block  body  radiation  at  room 
temperature  [1,2].  Thus  LWIR  imaging  by  using  HgCdTe 
(MCT)  has  been  widely  used  in  both  military  and  civil 
applications  like  low-light  night  surveillance  TV,  missile 
target  detect  and  guide,  and  building  security.  Howev¬ 
er,  despite  its  own  advantage  in  good  gain  and  detection 
rate,  MCT  has  its  characteristic  problems,  that  is,  such 
as  material  unstability,  difficulties  in  crystal  growth,  high 
cost,  and  nonuniform  pixel.  Thanks  to  the  recent  state- 
of-art  technology  in  multi  quantum-well  structures,  the 
III-V  semiconductor  compounds  such  as  GaAs/AlGaAs 
have  been  introduced  as  the  next-generation  of  the  LWIR 
imaging  detectors,  so  called  Quantum  Well  Infrared  Pho¬ 
todetector  (QWIP),  replacing  for  the  MCT  [3].  Technical 
advantage  of  QWIP  over  MCT  relies  on  the  fact  that  de¬ 
tection  wavelength  depends  on  the  width  of  the  quantum 
well  and  the  barrier  height  and  thus  a  variety  of  tunable 
detectors  can  be  fabricated  corresponding  to  required  ca¬ 
pabilities  of  them  [4-6]. 

In  this  paper,  the  asymmetric  coupled-quantum- well 
structure  consisted  of  a  pair  of  quantum  wells  separated 
by  a  barrier  (about  30  A)  narrow  enough  that  consider¬ 
able  interaction  occurs  between  electronic  states  in  these 


two  adjacent  wells.  The  coupled  quantum  well  struc¬ 
tures  were  designed  to  have  only  two  confined  states, 
the  ground  state  E\  and  the  first  excited  state  £2.  The 
infrared  radiation  is  absorbed  via  the  intersubband  res¬ 
onance  absorption  (for  the  incident  photoenergy  hu  = 
E2  —  E\),  and  the  photoexcited  electrons  can  tunnel  out 
of  the  well  to  produce  photoelectrons.  Both  symmet¬ 
ric  coupled-quantum-well  and  the  asymmetric  coupled- 
quantum- well  structures  do  give  good  tunability.  Howev¬ 
er,  the  former  cannot  be  used  for  fabricating  a  A  =  8  ~  12 
pm  photodetector  because  of  the  insufficiency  resonant 
absorption  energy  and  the  lower  absorption  coefficient. 
In  contrast,  the  asymmetric  coupled  quantum  well  pho¬ 
todetectors  do  give  a  large  enough  eigenenergy  difference 
A E  =  E2  —  E1  to  detect  A  =  8  ~  12  pm  atnlospheric  win¬ 
dow  spectral  region.  Based  on  theoretical  calculations, 
tuning  ranges  from  9  to  14  pm  are  predicted  for  the 
asymmetric  coupled-quantum- well  structure.  This  tun¬ 
ing  capability  is  achieved  by  the  applied  electric  field  in 
the  0~100  kV/cm  range. 

II.  CALCULATIONS  OF  ENERGY  AND 
LIFETIME  BY  COMPLEX  ENERGY 
METHOD 

For  the  sake  of  simplicity,  the  real  potential  energy  of 
the  conduction  electrons  in  the  multi  quantum  wells  is 
approximated  to  an  array  of  rectangular  shape  potential 
energy  as  shown  in  Fig.  1(a).  Thus  the  energy  eigenval¬ 
ues  in  every  well  can  be  obtained  by  solving  the  time- 
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V  a  b 


(b) 


Fig.  1.  (a)  Schematic  description  of  an  array  of  rectangu¬ 
lar  potential,  (b)  A  simplified  potential  model  of  a  dc  biased 
superlattice. 


T  represents  the  energy  instability  which  is  related  to  the 
electronic  lifetime  given  by 

a  ft 

At=f  (?) 

The  approximated  solutions  are  obtained  numerically  us¬ 
ing  the  subroutine  ZANLYT  in  program  IMSL. 


III.  NUMERICAL  RESULTS  AND 
DISCUSSION 


independent  Schrodinger  equation  which  is  given  by 


ft2  d?^n 
2  mn  dx 2 


"f"  Vntj)n  —  Eipn 


(1) 


where  mn  is  the  effective  mass  and  Vn  is  the  effective 
potential  energy  in  region  n  which  is  assumed  to  be  con¬ 
stant. 

Typical  solutions  of  the  above  equation  are 

Mx)  =  Anek^x~a'>  +  (2) 

iM*)  =  An+iekn+1(x~b)  +  Bn+1e-k"+'(x-b\  (3) 

where  both  An  and  Bn  are  the  coefficients  of  the 
right-  and  left-propagating  plane  waves  of  the  nth 
region,  respectively,  with  the  wave  number  kn  = 

—  Vn)]  2  ■  Application  of  the  boundary  condi¬ 
tions,  i.e.,  the  continuities  of  both  xjj  and  at  the 

boundary  ( x  =  b )  gives  rise  to  the  following  equation  in 
matrix  form  [6] . 


-kndn 


e 

Ti-f  1  k  n  ^ 

771  n  k  n  -J- 1. 


-kndn 


(4) 


Under  the  external  biased  electric  field  induced  from 
left  to  right  as  shown  in  Fig.  1(b),  the  localized  electrons 
in  a  dc  biased  superlattice  can  only  propagate  into  the 
righthand  side  (collector  side)  due  to  the  potential  barrier 
which  is  increasing  gradually  toward  the  left  side.  Thus 
we  put  an  additional  boundary  condition, 


At  =  1,  Bi  =  0,  and  Br  =  0  (5) 

where  both  /  and  r  refer  to  the  left-  and  rightmost  re¬ 
gions,  respectively,  that  is,  there  exist  only  the  right- 
propagating  waves  in  the  left-  and  rightmost  regions. 
Since  the  electrons  in  the  dc  biased  superlattice  can  not 
stay  permanently  in  an  energy  level  (rather  stay  in  a 
metastable  state),  the  corresponding  energy  levels  are  ex¬ 
pressed  by  [7] 

E  =  E0-  if  (6) 

where  Eq  is  the  energy  level  in  the  metastable  state  and 


1.  Asymmetric  Double  Quantum  Well  Structure 

The  model  device  consists  of  two  GaAs/Al0.32Ga0.68As 
asymmetric  quantum  wells  connected  next  to  each  oth¬ 
er  by  a  barrier  (a  barrier-well-barrier:well-barrier  struc¬ 
ture  with  the  corresponding  widths,  50-60-30-12-50  A) 
as  shown  in  Fig.  2.  With  application  of  a  dc  biased  ex¬ 
ternal  field  ranged  from  0  to  100  kV/cm  to  the  device, 
the  complete  model  QWIP  having  tuneable  IR  detect¬ 
ing  range  in  wavelengths  can  be  established  (See  Fig. 
3).  The  resultant  calculations  show  both  the  schematic 
description  of  the  electron  wavefunctions  and  the  proba¬ 
bility  of  finding  the  electron  in  the  device  given  by  Fig. 
2  and  4,  respectively.  As  shown  in  from  Fig.  2  to  Fig. 
5,  quantum  confinement  results  in  energy  level  increase 
in  the  narrow  well  so  that  the  ground  state  energy  in  the 
narrow  well  is  equivalent  to  the  first  excited  state  in  the 
wide  well.  Since  the  probability  of  finding  an  electron 
in  E2  state,  (the  first  excited  state  in  the  first  well  and 
the  ground  state  in  the  second  well,  respectively)  in  the 
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Fig.  2.  Asymmetric  double  quantum  well  (0  kV/cm). 
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Fig.  3.  Asymmetric  double  quantum  well  (100  kV/cm). 
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Fig.  4.  Initially  located  wave  packet  (0  kV/cm). 
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Fig.  5.  Initially  located  wave  packet  (100  kV/cm). 

narrow  well  is  more  than  twice  in  the  zero  biased  case 
and  even  ten  times  in  the  100  kV  biased  case  than  that 
in  the  wide  well,  we  expect  that  the  detecting  mechanism 
is  more  likely  to'be  governed  by  electron  tunnelling  from 
the  first  wide  well  to  the  second  narrow  well  after  tran¬ 
sition  from  the  E\  state  to  the  E2  state  in  the  wide  well. 
From  the  Table  1  and  2,  we  see  that  the  tuneable  de- 


Table  1.  Energy  levels  and  detection  wavelength  of  asym¬ 
metric  double  quantum  well. 


bias 

(kV/cm) 

E , 

(meV) 

e2 

e3 

fcq 

to 

1 

detection  wave 
length  (fim) 

0 

61 

199 

244 

138 

8.85 

20 

84 

214 

268 

130 

9.40 

40 

109 

229 

291 

120 

10.18 

60 

133 

242 

314 

109 

11.20 

80 

156 

255 

337 

99 

12.34 

100 

180 

267 

360 

87 

14.04 

Table  2.  Energy  levels  and  life  time  of  asymmetric  double 
quantum  well. 


bias 

(kV/cm) 

Ex 

e2 

e3 

energy 

level 

(meV) 

life 

time 

(ps) 

energy 

level 

(meV) 

life 

time 

(Ps) 

energy 

level 

(meV) 

life 

time 

(ps) 

0 

61 

0.584E3 

199 

0.310 

244 

0.222 

20 

84 

0.278E3 

214 

0.206 

268 

0.164 

40 

109 

0.144E3 

229 

0.154 

291 

0.151 

60 

133 

0.753E2 

242 

0.113 

314 

0.135 

80 

156 

0.39E2 

255 

0.102 

337 

0.115 

100 

180 

0.199E2 

267 

0.0087 

360 

0.094 

tecting  range  varies  from  9  to  14  fim  dependent  of  the 
bias  voltages  and  the  very  small  lifetime  of  the  E2  state 
clearly  shows  the  metastable  characteristics  of  transition 
electrons. 

2.  Single  Quantum  Well  (Including  5-perturbation) 
Structure 

The  single  quantum  well  structure,  which  has  a  5- 
perturbation  within  40  A  GaAs  well,  sandwiched  by  500 
A  Alo.26Gao.74As  barriers. 

In  the  case  of  positive  perturbation  irom  Fig.  6  to 
Fig.  10  and  Table  3  and  Table  4)  E\,  the  ground  state 
energy  of  an  electron,  is  proportional  to  the  strength  of 
the  perturbation  and  is  getting  lower  as  the  position  of 
the  perturbation  is  getting  closer  to  the  barrier.  For  the 
negative  perturbation,  it  is  vice  versa  (Table  5,  6). 

As  seen  from  Figure  2  and  Figure  10,  the  variation  of 


Fig.  7.  5-perturbation  (127.2  meV)  in  square  well. 


Fig.  8.  5-perturbation  (212  meV)  in  square  well. 
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Fig.  9.  Left  located  6-perturbation. 


poafarfQIrn) 

Fig.  10.  Right  located  6-perturbation. 


Table  3.  Energy  levels  and  life  time  of  due  to  the 
6-perturbation  in  square  well. 


strength  of 
6-perturbation 
(+meV) 

E , 

e2 

energy  life  energy  life 

level  (meV)  time  (ps)  level  (meV)  time  (ps) 

0 

93.5 

0.26E14 

215.5 

0.24E1 

42.4 

97.5 

0.65E14 

215.5 

0.24E1 

84.8 

101.4 

0.3E14 

215.5 

0.24E1 

127.2 

105.2 

0.16E14 

215.5 

0.24E1 

169.6 

108.9 

5.7E14 

215.5 

0.24E1 

212 

112.5 

0.10E14 

215.5 

0.24E1 

Table  4.  Energy  levels  and  life  time  of  due  to  the  position 
of  6-perturbation. 

position  of  6-  E\ 

perturbation  (-{-212  meV)  energy  level  life  time 


from  left  barrier  (A) 

(meV) 

(ps) 

4 

105.9 

0.77E13 

12 

110.1 

0.28E16 

20 

112.5 

0.26E14 

28 

110.1 

0.15E11 

36 

105.9 

0.13E14 

the  ground  state  energy  of  an  electron  due  to  the  barri¬ 
er  or  6-perturbation,  which  is  changing  location  within 
the  well,  is  similar  each  to  each.  This  result  is  in  good 
agreement  with  expectations. 

IV.  CONCLUSIONS 
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Table  5.  Energy  levels  and  life  time 
6-perturbation  in  square  well. 

of  due  to  the 

strength  of  6- 

E ! 

perturbation  (— meV)  energy  level  (meV) 

life  time  (ps) 

0 

93.5 

0.26E14 

20 

91.6 

0.86E13 

40 

89.7 

0.13E14 

60 

87.7 

0.52E14 

Table  6.  Energy  levels  and  life  time  of  due  to  the  position 
of  6-perturbation. 

position  of  6- 

Ei 

perturbation  (—60  meV) 

energy  level 

life  time 

from  left  barrier  (A) 

(meV) 

(ps) 

4 

88.9 

0.76E10 

12 

88.3 

0.11E11 

20 

87.7 

0.52E14 

28 

88.3 

0.24E15 

36 

89.3 

0.19E14 

At  temperatures  above  absolute  zero,  all  bodies  emit 
infrared  radiation.  A  large  fraction  of  total  IR  radia¬ 
tion  emitted  naturally  from  objects  at  ambient  temper¬ 
atures  falls  within  the  LWIR  band.  By  using  the  com¬ 
plex  energy  method,  we  calculate  energy  levels  and  life 
times  of  the  metastable  state  of  an  electron  in  the  vari¬ 
ous  GaAs/Al^Gai-xAs  quantum  well  structures,  which 
absorb  LWIR  photons.  Under  the  presence  of  the  exter¬ 
nal  dc  biased  field  varying  from  0  to  100  kV/cm  which 
is  gradually  increasing  from  the  right  (emitter)  to  the 
left  (collector),  the  numerical  results  show  the  tuneable 
detecting  range  covering  from  9  to  14  fim  as  a  func¬ 
tion  of  the  bias  voltages,  the  metastable  characteristics 
of  transition  electrons  due  to  the  very  small  lifetime  of 
the  E2  state,  and  the  main  detecting  mechanism,  i.e.,  a 
transition-tunnelling  mechanism.  Consequently,  the  ob¬ 
tained  results  in  this  paper  can  be  used  as  theoretical 
background  for  future  fabrication  of  various  IR  detectors 
having  detecting  capability  of  wide  range  of  photon  fre¬ 
quencies. 
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GalnAsP  (A  =  1.05  ~  1.55  pm)  lattice  matched  to  InP  were  successfully  grown  by  using  a  LP- 
MOVPE.  The  As  solid  composition  with  the  AsH3  gas  composition  shows  the  non-linear  relation, 
and  the  As  distribution  coefficient  is  severely  affected  by  the  amount  of  Ga  while  Ga  distribution 
coefficient  is  not  affected  by  group  V.  From  the  analytical  fitting  between  wavelength  and  gas 
composition,  input  gas  composition  in  MOVPE  can  be  exactly  estimated  for  designed  wavelength 
of  GalnAsP. 


L  INTRODUCTION 

Because  of  its  large  wavelength  coverage  in  the  infrared 
region,  InP-based  quaternary  system  is  very  important 
for  optoelectronic  applications  in  the  fiber  communica¬ 
tion.  Empirical  determination  of  the  exact  relationship 
between  the  vapor  and  solid  phase  composition  in  metal 
organic  vapor  phase  epitaxy  (MOVPE)  is  indispensable 
not  only  for  the  precise  composition  control  but  also  for 
the  deep  understanding  of  growth  mechanism  in  multiple 
composite,  i.e.  GaxIni__rAsyPi_y .  Several  groups  have 
studied  the  complicated  sticking  behaviors  between  them 

[Ml- 

In  general,  the  relationship  between  gas  composition 
in  group  III  might  be  influenced  by  the  gas  composition 
of  group  V  and  vice  versa,  group  III  might  influence  the 
relationship  between  gas  composition  in  group  V.  Howev¬ 
er,  the  dependencies  of  solid  compositions  for  the  group 
III  and  group  V  species  on  the  vapor  phase  compositions 
have  been  reported  that  the  solid  composition  of  each 
group  is  independent  of  another  group  vapor  phase  com¬ 
position  [5-7]. 

In  this  paper,  we  are  to  consider  the  composition  rela¬ 
tionship  for  GalnAsP  quaternary  system  (1.05~1 .55  /xm) 
which  is  lattice  matched  to  the  InP  substrate.  The  gen¬ 
eral  solution  for  the  growth  function  in  MOVPE  has  not 
been  sufficiently  developed  yet,  in  spite  of  the  numer¬ 
ous  studies  on  the  growth  model  [8,9],  because  there  are 
so  many  input  parameters  to  be  considered  and  their 
complexities  during  the  growth.  For  the  practical  point 
of  view,  the  exact  relationships  between  the  wavelength 
of  the  bulk  quaternary  film  and  mole  fraction  of  input 
gas  sources  were  obtained  in  our  reactor  system  with  the 
strain-free  film  condition.  The  relative  incorporation  be¬ 


haviors  in  group  III  and  V  were  also  observed  by  means 
of  intra,  and  inter-group  variation  effect.  And,  the  above 
phenomena  will  be  discussed  in  detail  by  means  of  the 
words  of  relative  distribution  coefficients. 


II.  EXPERIMENTAL 

The  MOVPE  growth  was  performed  in  an  AIX  200/4 
system  with  a  horizontal  gas  flow.  Epitaxial  layers  of 
GarIni_xAsyPi_y  quaternary  alloys  were  grown  on  S 
doped  InP(OOl)  substrate.  The  growth  conditions  were 
fixed  at  650  °C  and  100  mbar.  The  growth  rate  was  var¬ 
ied  on  composition  from  2.0  to  3.6  /im/hour,  which  was 
measured  by  cross-section  scanning  electron  microscopy 
(SEM).  The  compositions  of  quaternary  layers  were  de¬ 
termined  by  the  measurements  of  X-ray  rocking  curve 
and  photoluminescence. 


TMGa/{TMGa+TMIn) 

Fig.  1.  The  plot  of  group  III  solid  composition  vs.  gas 
phase  mole  fraction  for  GalnAsP  lattice  matched  to  InP. 
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Fig.  2.  The  relationship  between  As  solid  composition  and 
AsH3  mole  fraction  in  GalnAsP. 

III.  RESULTS  AND  DISCUSSIONS 

Fig.  1  shows  the  plot  of  group  III  solid  composition 
with  the  gas  phase  mole  fraction  for  GalnAsP,  which 
is  lattice,  matched  to  InP  substrate.  The  relationship 
between  them  shows  the  good  linear  fit  for  experimen¬ 
tal  points.  The  value  of  incorporation  coefficient  for  Ga 
atom  is  1.1,  which  means  that  the  Ga  is  more  easily  in¬ 
corporated  into  the  solid  surface  than  the  In.  Therefore, 
we  can  control  the  group  III  solid  composition  of  quater¬ 
nary  epitaxial  layer  only  by  varying  the  gas  composition 
of  group  III. 

The  relation  between  ASH3  gas  composition  and  the 
As  solid  composition  is  not  linear  but  looks  like  an  ex¬ 
ponential  shape  as  shown  in  Fig.  2.  Some  analyti¬ 
cal  models  were  proposed  to  fit  the  empirical  data  in 
group  V  by  MBE  groups  [5,9].  However,  the  fitting  of 
our  MOVPE  data  to  those  formula  did  not  so  success¬ 
ful  even  though  we  had  some  trial  and.  errors.  These 
results  might  be  caused  from  the  complexities  of  reac¬ 
tor  design  and  growth  conditions  in  MOVPE.  There¬ 
fore,  through  the  direct  analytical  fitting  procedure,  we 
observed  that  the  series  sum  of  two  exponential  func¬ 
tions  could  be  well  fitted  for  empirical  data.  The  gen¬ 
eral  formula  for  statistical  fitting  is  as  follows;  y  — 
2/0  +  aexp((x  -  ar0)Ai)  +  &exp((z  -  x0)/t2).  From  the 
fitting  of  empirical  data,  we  obtained  the  analytical  func¬ 
tion  of  y  ~  0.22exp((ar  —  0.76)/0.16)  in  approximation, 
where  y  is  ASH3  mole  fraction  and  x  is  As  solid  compo¬ 
sition  in  GalnAsP.  This  relation  means  that  one  species, 
here  As  atom,  has  the  absolutely  larger  value  of  incorpo¬ 
ration  coefficient  than  the  other  one,  P  atom,  in  group 
V.  The  constants  of  above  analytical  function  strongly 
depend  on  the  reactor  design  and  growth  parameters,  so 
we  can  justify  those  values  as  reactor  characteristic  con¬ 
stants. 

Figure  3  shows  the  relation  between  relative  distribu¬ 
tion  coefficient  of  Ga  atom  and  As  solid  composition  of 
GalnAsP  lattice  matched  to  InP.  Here,  the  relative  dis¬ 
tribution  coefficient  of  Ga  atom  was  defined  by  the  ratio 
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As  solid  composition  in  GalnAsP 

Fig.  3.  The  relation  between  relative  distribution  coeffi¬ 
cient  of  Ga  and  As  solid  composition  of  GalnAsP  lattice 
matched  to  InP. 


Ga  solid  composition  in  GalnAsP 

Fig.  4.  The  relation  between  relative  distribution  coeffi¬ 
cient  of  As  and  Ga  solid  composition  of  GalnAsP  lattice 
matched  to  InP. 


of  solid  Ga  mole  fraction  to  gas  TMGa  mole  fraction  di¬ 
vided  by  the  ratio  of  solid  In  mole  fraction  to  gas  TMIn 
mole  fraction.  This  result  indicates  that  group  V  does 
not  affect  the  relative  incorporation  behavior  of  group 
III.  However,  the  relative  incorporation  of  group  V  is 
severely  affected  by  the  composition  of  group  III  as  shown 
in  Figure  4.  As  the  Ga  composition  in  lattice  matched 
GalnAsP  increases,  the  incorporation  coefficient  of  As 
atom  is  drastically  decreased  compare  to  the  P  atom. 
From  the  extra-polation  for  the  Ga  free  composition  in 
GalnAsP,  the  maximum  relative  distribution  coefficient 
of  As  atom  is  above  60.  The  open  circles  represent  the 
GalnAsP  lattice  mis-matched  to  InP,  where  the  values 
are  two-theta  angles  of  double  crystal  x-ray  diffraction 
in  arcsec.  Compressive  strained  GalnAsP,  which  means 
the  minus  symbol  in  front  of  the  value,  indicate  that  it 
shows  the  trend  of  higher  value  in  relative  distribution 
coefficient  of  As,  while  the  tensile  strain  affects  lowering 
that  value. 

The  relationship  between  bandgap  wavelength  of  lat¬ 
tice  matched  GalnAsP  and  input  gas  phase  mole  fraction 
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Fig.  5.  The  band-gap  wavelength  of  GalnAsP  lattice 
matched  to  InP  with  the  gas  phase  group  III  mole  fraction. 


Wavelength(nm) 

Fig.  6.  The  band-gap  wavelength  of  GalnAsP  lattice 
matched  to  InP  with  the  gas  phase  group  V  mole  fraction. 


indicates  the  conclusive  reactor  characteristics  in  a  prac¬ 
tical  point  of  view.  The  Figure  5  shows  the  bandgap 
wavelength  increases  linearly  with  the  TMGa  gas  mole 
fraction,  where  the  Ga  free  composite  means  InP.  From 
the  fitting  of  empirical  data,  we  obtained  the  analyti¬ 
cal  function  of  y{ nm)  =  876  +  1950x,  where  x  means 
TMGa  mole  fraction  and  y  means  bandgap  wavelength 
of  lattice  matched  GalnAsP.  Figure  6  shows  the  rela¬ 
tionship  between  bandgap  wavelength  and  mole  frac¬ 
tion  of  group  V  precursor.  While  the  group  III  precur¬ 
sor  shows  the  linear  relationship  to  the  bandgap  wave¬ 
length,  the  group  V  shows  the  good  coincidence  be¬ 


tween  them  by  merging  of  two  different  exponential  func¬ 
tions  in  the  analytical  fitting.  From  the  result  of  ana¬ 
lytical  fitting,  we  obtained  the  function  of  exponential, 
y  =  0.019  exp((z  -  1203)/160.8)  in  approximation.  The 
analytical  functions  between  bandgap  wavelength  and 
gas  phase  mole  fraction  in  our  MOVPE  make  it  easy  to 
achieve  the  designed  bandgap  of  GalnAsP  by  controlling 
the  input  gas  mole  fraction  which  is  obtained  from  above 
analytical  function. 

IV.  CONCLUSIONS 

GalnAsP  (A  =  1.05  —  1.55  /zm)  lattice  matched  to 
InP  were  successfully  grown  by  using  a  LP-MOVPE.  A 
Ga  solid  composition  is  linearly  proportional  to  the  gas 
composition  with  the  relative  distribution  coefficient  val¬ 
ue  of  1.1  which  means  the  preferred  incorporation  proba¬ 
bility  compare  to  the  In.  The  As  solid  composition  with 
the  AsH3  gas  composition  shows  the  non-linear  relation, 
and  the  As  distribution  coefficient  is  severely  affected  by 
the  amount  of  Ga  while  Ga  distribution  coefficient  is  not 
affected  by  group  V.  From  the  analytical  fitting  between 
wavelength  and  gas  composition,  input  gas  composition 
in  MOVPE  can  be  exactly  estimated  for  designed  wave¬ 
length  of  GalnAsP. 
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Room  temperature  photoreflectance  (PR)  was  used  to  determine  the  splitting  of  the  heavy  and 
light  holes  in  the  edge  region  of  3-inch  diameter  semi-insulating  (SI)  bulk  indium- alloyed  GaAs 
materials  grown  by  the  liquid-encapsulated  Czochralski  (LEC)  method.  The  shift  of  heavy  hole 
energy  is  larger  in  the  edge  region  of  wafer  compared  to  the  central  region.  This  non- uniformity  is 
attributed  to  the  radial  distribution  of  indium;  Indium  content  being  higher  and  lower,  respectively, 
around  the  edge  region  and  at  the  central  area.  In  addition,  when  the  indium  content  reaches  a 
critical  point,  we  find  the  splitting  of  the  heavy  and  light  holes  near  the  edge  of  the  GaAs  wafer 
due  to  the  indium-content  variation  induced  strain  in  the  process  of  growing  GaAs  substrate.  The 
variation  of  heavy  hole  energy  indicates  that  of  the  indium  content  in  the  wafer  and  the  separation 
between  the  heavy  and  light  holes  is  attributed  to  the  different  indium  content  in  adjacent  regions 
where  indium  content  varies  rapidly. 


t  INTORDUCTION 

The  bulk  substrates  of  GaAs  are  the  basic  materials 
widely  used  for  the  electronic  and  optoelectronic  devices. 
The  performance  of  these  devices  depends  on  the  quality 
of  the  substrate  materials.  Particularly,  the  quality  is  in¬ 
fluenced  in  varying  degrees  by  dislocation  effects.  Indium 
incorporation  was  reported  [1]  as  an  efficient  way  to  re¬ 
duce  the  dislocation  density.  That  is,  3-inch  diameter  of 
GaAs  ingot  which  contains  only  a  few  hundred  of  disloca¬ 
tions  per  unit  area  (cm2)  can  successfully  be  grown  with 
the  indium  incorporation,  while  standard  undoped  SI 
LEC  GaAs  wafers  usually  exhibit  about  104~106  disloca¬ 
tion  per  unit  area.  GaAs:In  (In^Gai-^As)  crystals  grown 
this  way  typically  incorporate  ~mole  fraction  0.1~2  % 
of  indium.  Thus,  it  is  desirable  to  have  a  simple  nonde¬ 
structive  method  to  measure  the  indium  content  and  its 
distribution  in  the  ingot  [2].  Unfortunately,  many  ana¬ 
lytical  techniques  are  destructive.  Nondestructive  photo¬ 
luminescence  (PL)  measurements  have  been  used  [3]  to 
determine  indium  content  from  the  PL  transition  energy 
shift  of  indium-alloyed  InrGai_rAs.  However,  low  tem¬ 
peratures  are  usually  needed  for  accurate  PL  measure¬ 
ments  in  order  to  obtain  sharp  transitions.  It  is  difficult 
to  cool  such  a  large  sample  as  a  3-inch  wafer  due  to  limit¬ 
ed  Dewar  space.  In  the  present  work,  room- temperature 
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PR  was  used  to  measure  the  band-gap  shift  due  to  indi¬ 
um  in  the  indium-alloyed  SI  LEC  GaAs  and  to  determine 
the  inhomogeneity  of  indium  distribution  present  in  the 
GaAs  wafer.  PR  measurements  also  showed  the  splitting 
of  the  heavy  and  light  holes  due  to  the  stress  arising  from 
the  regions  of  high  and  low  indium  content. 

II.  EXPERIMENTS 

The  modulation  in  the  reflectivity  was  produced  by 
mechanically  chopping  the  laser  beam  which  created  the 
electron-hole  pairs.  A  5-mW  He-Ne  laser  chopped  at 
100  HZ  was  used  for  this  purpose.  The  probe  light 
from  a  quartz  tungsten  halogen  lamp  passing  through 
the  monochromator  was  irradiated  on  the  surface  of  the 
indium-alloyed  GaAs  substrate.  The  reflected  light  sig¬ 
nal  was  detected  with  a  silicon  photodiode  using  a  lock-in 
amplifier.  A  lock-in  amplifier  provided  the  differential  re¬ 
flectance  (A R)  and  the  absolute  reflectance  (i?)  was  given 
by  the  detector  output.  The  diagram  for  the  experimen¬ 
tal  setup  is  given  in  Fig.  1.  To  observe  the  radial  distri¬ 
bution  of  the  band  edge  energy  due  to  the  indium  content 
in  3-inch  indium-alloyed  GaAs  (In^Gai^As)  wafer,  we 
used  two  samples  from  Westinghouse,  No.  292  and  No. 
GY423-2,  and  chose  19  points  and  24  points,  respectively, 
for  sample  No.  292  and  No,  GY423-2  along  the  <011> 
of  the  diameter  of  a  wafer.  The  heavy  and  light  holes 
energies  were  obtained  with  PR  line  shape  analysis. 
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Fig.  1.  The  schematic  representation  of  PR  experimental 
configuration. 


III.  RESULTS 

The  Fig.  2(a)  and  (b)  show  the  PR  spectra  (squared) 
from  indium-alloyed  samples  at  300  K.  The  solid  line  is 
a  least-square  fit  of  the  experimental  data  to  the  Aspnes 
third- derivative  functional  form  line-shape  expression 

^  =  Re  {£  Cje^(E  -  Eti  +  j 

where  p  is  the  number  of  the  spectral  function  to  be  fit¬ 
ted,  E  is  the  photon  energy  and  Cj ,  9j ,  Egj}  and  Tj  are 
the  amplitude,  phase,  energy,  and  broadening  parameter 
of  the  jih  feature,  respectively.  The  parameter  m  is  re¬ 
lated  to  the  type  of  the  critical  point.  The  values  of  m 
are  5/2  and  2.0,  respectively,  for  the  three-dimensional 
interband  and  excitonic  transition  [4]. 

The  fit  to  the  experimental  data  is  quite  good  for  crys¬ 
tals  of  a  wide  range  of  x.  We  do  not  observe  any  other 
PR  features  such  as  Franz- Kelldysh  oscillations  [5]  beside 
the  band-edge  transition  mode. 

The  Fig.  2(a)  and  (b)  show  the  PR  spectra  obtained 
from  sample  No.  292  and  No.  GY423-2  respectively  at 
300  K.  The  Fig.  2(a)  only  shows  the  heavy  hole  (Ehh) 


E(eV) 


Fig.  2.  300-K  PR  spectra  obtained  (a)  from  sample  No. 
292  (b)  from  sample  No.  GY423-2. 
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Fig.  3.  One-dimensional  position-dependent  variation  of 
•the  transition  energies  of  Ehh  along  the  radial  direction  across 
the  diameter  of  a  3  inch  wafer  No.  292. 


spectrum  whereas  Fig.  2(b)  shows  the  contribution  from 
both  heavy  hole  (Ehh)  and  light  hole  (Elh)-  The  spec¬ 
trum  of  the  Fig.  2(a)  is  fitted  very  well  with  the  heavy 
hole  transition  only.  However,  Fig.  2(b)  can  be  fitted 
with  both  heavy  and  light  holes  contribution. 

The  Fig.  3  shows  the  position-dependent  variation 
of  the  band  gap  for  moderately  indium- alloyed  sample 
No. 292.  The  band  gap  energy  of  the  indium-alloyed 
GaAs  substrate  is  lower  than  that  of  GaAs  and  the  en¬ 
ergy  varies  almost  symmetrically  from  the  center  to  the 
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Fig.  4.  One-dimensional  position-dependent  variation  of 
the  transition  energies  of  both  Ehh  and  Elh  along  the  radial 
direction  across  the  diameter  of  a  3-inch  wafer  No.  GY423-2. 


edge  of  the  wafer.  It  also  shows  that  indium-rich  region 
occurs  around  the  edge  of  GaAs  substrate  [2]. 

The  Fig.  4  shows  the  position-dependent  variation  of 
the  band  gap  for  sample  No.  GY423-2.  It  shows  the 
variation  of  band  gap  energy  with  the  heavy  hole  band 
energy  and  splitting  the  heavy  and  light  holes  degener¬ 
acy.  Above  the  critical  point  of  indium  content,  indium 
induced-strain  lifts  the  degeneracy  of  the  valence  band. 
Above  this  critical  point  of  the  indium  content,  we  note 
the  larger  splitting  of  the  heavy  and  light  holes  energies. 

The  radial  distribution  of  the  indium  content  which 
was  obtained  from  the  heavy  hole  energy  across  the  di¬ 
ameter  can  be  understood  by  considering  the  LEC  crystal 
growth  process.  The  growth  of  a  bulk  crystal  is  a  solid¬ 
ification  process  where  the  solid-liquid  advances.  The 
shape  of  growth  interface  between  the  solid  and  liquid 
can  become  (a)  concave  to  the  melt,  (b)  almost  flat,  and 
(c)  convex  to  the  melt  depending  on  the  thermal  gradi¬ 
ent  [5].  With  case  (c),  one  can  expect  that  the  indium 
content  in  a  wafer  is  higher  at  the  outer  part  compared 
to  the  central  part. 

We  propose  the  possible  mechanism  to  describe  split¬ 
ting  caused  by  the  indium-induced  strain;  this  is  similar 
to  the  case  of  the  epitaxial  growth  InGaAs  on  the  GaAs 
substrate,  that  is,  epitaxial  growth  of  Inr/Gai_r/As  on 
InrGai_xAs  substrate  where  x '  is  larger  than  x.  The 
size  of  two  regions  of  InxGai_xAs  and  In^/Ga^^As  may 
vary.  Thus,  one  of  these  regions  could  be  stressed  differ¬ 
ently  due  to  the  difference  of  indium  content.  Indium 
content  is  larger  along  the  edge  of  the  wafer  as  noted  by 


the  heavy  hole  energy  and  separation  between  the  heavy 
and  light  holes  can  be  ascribed  to  the  different  indium 
content  in  adjacent  regions  where  indium  content  varies 
rapidly. 


IV.  CONCLUSIONS 

The  room-temperature  PR  technique  was  used  to 
quantitatively  measure  the  changes  of  the  band  gap  due 
to  the  indium  alloying  in  commercially  available  3-inch 
GaAs  wafers.  The  inhomogeneity  of  the  indium  in  the 
radial  directions  was  determined.  The  radial  distribu¬ 
tion  of  indium  content  makes  the  band  gap  lower  from 
the  central  area  to  the  edge  of  the  wafer,  in  particular, 
indium  higher  region  occurs  around  the  edge  of  the  sub¬ 
strate  and  indium  lower  region  occurs  at  the  central  area. 
Indium-induced  strain  lifts  the  degeneracy  of  the  valence 
band  above  the  critical  point  of  the  indium  content  with¬ 
in  the  wafer.  This  is  the  first  observation  of  lifting  the 
degeneracy  of  the  heavy  and  light  holes  band  due  to  the 
indium  induced-strain  in  the  3-inch  GaAs  substrates. 
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We  studied  the  surface  structure  of  (001)  InP  in  metalorganic  chemical  vapor  deposition 
(MOCVD)  ambient  by  surface  photoabsorption  (SPA).  A  P-dimer  peak  at  430  nm  and  an  In-dimer 
peak  at  600  nm  were  observed  from  the  SPA  subtraction  spectra.  A  maximum  SPA  reflectivity 
change  of  8  %  between  the  P-stabilized  and  the  In-stabilized  surfaces  was  obtained  at  470  nm.  A 
first-order  desorption  kinetics  was  assumed  to  curve- fit  the  SPA  signal  and  an  activation  energy  of 
3.36  eV  was  obtained. 


I-  INTRODUCTION  MOCVD  by  in  situ ,  real  time  SPA. 


Because  of  their  increasing  technological  importance 
as  high-speed  electronic  and  photonic  devices  for  optical 
communication,  III- V  compound  semiconductors  have 
attracted  much  attention.  For  the  successful  fabrica¬ 
tion  of  such  devices,  it  is  indispensable  to  grow  high- 
quality  epitaxial  layers.  Molecular  beam  epitaxy  (MBE) 
and  metalorganic  chemical  vapor  deposition  (MOCVD) 
and  other  techniques  have  been  successfully  used  to  grow 
ultra-thin,  high-quality  heterostructures  for  such  devices. 
Knowledge  about  the  surface  structure  and  the  surface 
kinetics  on  growth  surfaces  is  crucial  for  the  precise  con¬ 
trol  of  composition  and  thickness  with  atomic  resolution. 

Adsorption  and  desorption  processes  of  group  V  in 
MOCVD  are  elementary  surface  kinetic  processes  occur¬ 
ring  on  growth  surfaces  of  III-V  compound  semiconduc¬ 
tors.  Especially,  during  the  growth  of  mixed  group  V  al¬ 
loys,  adsorption  and  desorption  processes  of  several  group 
V  elements  occur  simultaneously,  leading  to  the  determi¬ 
nation  of  the  composition  of  the  alloys.  Thus,  the  in  situ , 
real-time  monitoring  of  the  surface  process  of  group  V 
elements  will  be  beneficial  to  control  the  composition  of 
III-V  compound  semiconductors.  Surface  photoabsorp¬ 
tion  (SPA)  is  an  optical  in  situ  monitoring  technique  ap¬ 
propriate  for  MOCVD,  based  on  the  reflectivity  measure¬ 
ment  of  p-polarized  light  incident  at  the  Brewster  angle 
on  the  substrate  [1,2].  It  can  sensitively  detect  small 
changes  in  reflectivity  caused  by  surface  chemical  pro¬ 
cesses  such  as  desorption  or  adsorption  of  P  from  InP 
surfaces  [3,4].  In  this  paper,  we  studied  the  adsorption 
and  desorption  processes  of  P  from  (001)  InP  surface  in 


II.  EXPERIMENTAL  DETAILS 

A  schematic  diagram  of  the  MOCVD  system  with  a 
SPA  setup  is  shown  in  Fig.  1.  A  monochromatic,  p- 
polarized  light  irradiated  a  (001)  InP  surface  at  an  inci¬ 
dent  angle  of  75°.  The  reflected  light  was  detected  by  a 
photomultiplier  tube  (PMT)  and  a  lock-in  amplifier  was 
used  to  obtain  high  signal-to-noise  (S/N)  ratios.  The 
time  constant  of  the  SPA  system  was  0.1  sec.  The  power 
density  of  the  optical  probe  was  below  0.1  mW/cm2,  so 
the  probe  did  not  affect  the  reaction  processes  on  the  InP 
substrate.  The  fast  stream  of  H2  along  the  quartz  wall 
maintained  an  optical  path  clean  during  the  experiment. 

After  a  conventional  ex  situ  cleaning  sequence  to  re- 


TM!n,  PH3 


Fig.  1.  The  horizontal  MOCVD  reactor  with  the  SPA  sys¬ 
tem  used  in  this  study. 
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move  surface  contaminants,  (001)  InP  substrates  were 
loaded  in  our  horizontal  MOCVD  reactor.  Then,  the  sub¬ 
strates  were  thermally  cleaned  in  situ  at  600  °C  for  5  min 
in  PH3  ambient,  subsequently  and  a  1000  A  InP  buffer 
layer  was  grown  using  trimethylindium  (TMIn)  and  PH3 
at  104  Pa.  After  the  buffer  layer  growth,  P  adsorption 
and  desorption  experiments  were  performed  by  switch¬ 
ing  PH3  flow  on  and  off  at  various  temperatures.  The 
azimuthal  direction  for  the  SPA  measurement  was  [110] . 


III.  RESULTS  AND  DISCUSSIONS 

In  order  to  study  the  P  adsorption  and  desorption  ki¬ 
netics  from  InP  surfaces,  it  is  necessary  to  understand 
the  surface  structure  of  P-stabilized  InP  surfaces.  Thus, 
we  studied  the  InP  surface  by  SPA  subtraction  spectra 
[4,5]  at  various  substrate  temperatures  and  PH3  partial 
pressures  as  shown  in  Fig.  2.  The  subtraction  spectra 
were  defined  as  follows  [4,5]; 

*[ilo]  -  *[iio]  =  (*P[ilo]  -  *i„[iio])/*i„[iio] 

-(«p[110]  -  *In[110])/*in[110] 

=  *p[ll0]/*in[ll0] 

-*p[110]/*in[110],  (1) 
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Fig.  2.  SPA  subtraction  spectra  for  (001)  InP  at  various 
substrate  temperatures:  (a)  PH3  partial  pressure  8.2  Pa,  and 
(b)  PH3  partial  pressure  164  Pa. 


where  Rp  and  R\n  represent  the  reflectivity  of  a  P- 
stabilized  surface  when  PH3  was  introduced,  and  the 
reflectivity  of  an  In-stabilized  surface  after  the  P  des¬ 
orption,  respectively.  [110]  and  [110]  represent  the  az¬ 
imuthal  directions  of  the  SPA  probe  beam.  By  taking  the 
difference  between  [110]  and  [110]  spectra,  isotropic  in¬ 
formation  from  both  spectra  are  cancelled  out,  resulting 
in  only  information  on  surface  anisotropy  due  to  surface 
dimers.  If  the  surface  dimer  direction  is  parallel  to  the 
electric  filed  of  the  polarized  probe  beam,  an  electronic 
transition  by  surface  dimer  bonds  is  allowed,  resulting 
in  increased  reflectivity.  However,  this  transition  by  sur¬ 
face  dimer  bonds  is  prohibited  when  the  dimer  direction 
is  perpendicular  to  the  electric  field  [4,6].  The  positive 
peaks  observed  at  Fig.  2  implies  that  the  directions  of 
the  P-  and  the  In-dimers  are  [110]  and  [110],  respectively. 
The  red  shifts  of  the  spectra  with  increasing  temperature 
were  also  observed,  presumably  due  to  the  band  gap  nar¬ 
rowing  effect  at  high  temperatures  [7]. 

In  the  subtraction  spectra,  two  positive  peaks  were  ob¬ 
served  near  430  nm  and  600  nm  at  most  conditions.  How¬ 
ever,  at  600  °C  and  PH3  8.2  Pa,  a  P-stabilized  surface 
was  not  obtained  during  PH3  injection  since  the  P  over¬ 
pressure  was  not  enough.  The  peak  near  430  nm  was  very 
low  and  the  peak  near  600  nm  was  not  discernable.  Asp- 
nes  et  al.  [6,8,9]  assigned  the  two  anisotropic  peaks  at 
2.6  eV  and  at  1.8  eV  to  As-dimer  and  Ga-dimer  peaks  on 
GaAs  respectively  from  their  reflectance  difference  spec¬ 
troscopy  (RDS)  experiments  and  theoretical  calculation. 
Johal  et  al.  [10]  and  Ozanyan  et  al.  [11]  independently 
observed  the  optical  anisotropy  near  1.9  eV  and  2.9  eV 
in  their  RDS  studies  of  (001)  InP  and  assigned  the  peaks 
to  In  and  P  dimers,  respectively.  Therefore,  considering 
the  higher  bond  strength  of  P-P  than  As- As  [5],  the  peak 
at  430  nm  can  be  assigned  to  P-dimer,  whereas  the  other 
peak  near  600  nm  can  be  assigned  to  In-dimer  peak. 

The  P  adsorption  kinetics  was  studied  by  monitoring 


Fig.  3.  Changes  in  SPA  reflectivity  at  430  nm  and  470  nm 
during  P  desorption  and  adsorption  (Rapid  drop  and  succes¬ 
sive  slow  recovery  of  SPA  signal  are  shown  by  dotted  circle  at 
430  nm). 
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Fig.  4.  Changes  in  SPA  reflectivity  during  P  desorption  at 
various  substrate  temperatures. 
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Fig.  5.  Arrhenius  plot  of  P  desorption  rate  constants  (fcdes). 

SPA  signals  at  430  and  470  nm  along  [110]  azimuth,  as 
shown  in  Fig.  3.  During  the  P  adsorption  by  PH3  in¬ 
jection,  we  first  observed  that  the  SPA  signal  at  430  nm 
decreased  abruptly  even  below  its  P-stabilized  value  and 
then  slowly  recovered.  The  two-step  P  adsorption,  how¬ 
ever,  was  not  observed  at  470  nm.  The  reason  for  the 
drop  below  the  level  of  In-stabilized  surface  is  not  known 
at  the  moment.  The  changes  in  SPA  signal  between  In- 
stabilized  and  P-stabilized  surfaces  were  larger  for  470 
nm  [5],  therefore,  we  monitored  the  P  desorption  process 
after  PH3  interruption  at  470  nm.  The  signal  difference 
was  about  8  %  between  the  P-stabilized  surface  and  the 
In-stabilized  surface. 

The  SPA  signal  changed  when  P  desorbed  at  various 
substrate  temperatures,  as  shown  in  Fig.  4.  Notice  that 
the  P  desorption  rate  increased  with  substrate  temper¬ 
ature.  The  SPA  curves  at  various  substrate  tempera¬ 
tures  were  fitted  assuming  a  fir-st-order  desorption  kinet¬ 
ics  [3,4],  where  the  SPA  reflectivity,  R ,  during  P  desorp¬ 
tion  can  be  expressed  as  follows; 

R  =  R\n  (^In  -^p)  ^Xp(  kdes(t  ^o)) 


Here,  kde$  is  the  desorption  rate  constant  and  to  is  the 
time  when  PH3  was  switched  off.  From  the  curve  fit¬ 
ting,  the  desorption  rate  constants  could  be  obtained. 
An  Arrhenius  plot  of  the  desorption  rate  constants  give 
an  activation  energy  of  3.36  eV  as  shown  in  Fig.  5.  The 
SPA  signals  at  the  initial  stage  of  P  desorption  in  Fig.  4 
was  slightly  deviated  from  the  exponential  shape.  This 
deviation  at  initial  stage  may  result  from  excess  P  [5]  on 
[110]  P-dimer  during  PH3  injection.  However,  the  effect 
of  excess  P  on  desorption  process  must  be  examined  for 
the  clear  understanding  of  a  desorption  mechanism. 

IV.  CONCLUSIONS 

We  studied  the  surface  structure  of  (001)  InP  in  met¬ 
alorganic  chemical  vapor  deposition  (MOCVD)  ambient 
by  SPA.  The  SPA  subtraction  spectra  at  various  temper¬ 
atures  and  phosphine  pressure  resulted  in  a  P-dimer  peak 
at  430  nm  and  an  In-dimer  peak  at  600  nm.  A  maximum 
SPA  reflectivity  change  of  8  %  was  obtained  at  470  nm 
between  the  P-stabilized  and  the  In-stabilized  surfaces. 
A  first-order  desorption  kinetics  was  assumed  to  curve-fit 
the  SPA  signals,  and  an  activation  energy  of  3.36  eV  was 
obtained. 
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We  have  carried  out  an  X-ray  study  on  ternary  Ini_xGaxAs/InP  and  quaternary 
Ini-xGa^AsyPi-y/InP  strained  multi-quantum  well  (MQW)  structures  on  (001)  InP  substrates 
grown  by  chemical  beam  epitaxy.  The  presence  of  well-defined  higher  order  harmonics  in  the  double 
crystal  X-ray  diffraction  (DCXRD)  measurement  showed  the  high  quality  of  our  MQW  structures. 
By  comparing  the  DCXRD  measurements  with  X-ray  simulation  results,  we  could  obtain  layer 
thicknesses  and  amounts  of  perpendicular  strains  relative  to  the  InP  barrier. 


I.  INTRODUCTION 

Much  attention  has  been  given  to  strained  layer  super¬ 
lattices  and  multi-quantum  well  (MQW)  structures,  in 
which  multilayer  structures  are  grown  lattice  mismatched 
to  the  substrate  but  with  the  layer  thickness  small  enough 
to  accommodate  the  mismatch  strain  coherently  rather 
than  to  create  misfit  dislocations  [1].  This  elastic  lay¬ 
er  strain  gives  rise  to  a  number  of  interesting  properties 
and  MQWs  can  also  be  conveniently  used  to  study  strain 
effects. 

X-ray  rocking  curve  measurement  is  a  powerful  method 
to  study  these  strained  layers,  providing  informations  on 
depth  profiles  of  the  strain,  layer  thickness,  compositions, 
and  diffussion  profiles,  so  that  it  has  proven  to  be  use¬ 
ful  for  the  structural  assessment  of  MQW  layers  [2-5].  In 
the  double-crystal  geometry  the  sample  is  rocked  through 
the  Bragg  angle  using  an  open  end  detector.  This  ar¬ 
rangement  results  in  good  resolution  around  the  sub¬ 
strate  peak. 

The  technique  of  chemical  beam  epitaxy  (CBE)  has 
been  recently  applied  in  the  growth  of  InGaAs(P)/InP 
MQWs  [6-8].  In  order  to  achieve  well-controlled  beams 
of  phosphorus  and  phosphorus  plus  arsenic,  elemental 
sources  in  molecular  beam  epitaxy  (MBE)  were  replaced 
with  sources  that  permit  the  required  element  to  be  ob¬ 
tained  from  the  decomposition  of  simple  chemicals  [9]. 

In  this  study,  we  have  carried  out  a  double  crystal  X- 
ray  diffraction  (DCXRD)  study  of  ternary  Inx^Ga^As/ 
InP  and  quaternary  *  In1_a;GaxAsyPi_y  /InP  strained 
MQW  structures  grown  on  (001)  InP  substrates  by  CBE. 
The  DCXRD  is  a  proper  method  to  study  their  struc¬ 
ture,  since  it  allow  to  obtain  a  well-resolved  X-ray  satel¬ 


lite  pattern  over  a  wide  range.  We  note  that  conventional 
DCXRD  has  been  used  in  studies  of  MQW  mostly  with  a 
large  number  of  periods  producing  X-ray  satellite  inten¬ 
sities  strong  enough  to  allow  a  detailed  analysis  [10,11]. 
The  MQWs  in  this  study  have  been  grown  for  device 
applications,  so  they  have  relatively  small  number  of  pe¬ 
riods.  However,  even  if  the  intensities  of  the  satellites  are 
small,  they  are  better  separated  from  the  substrate  peak 
to  be  able  to  study  small  strain  shift.  We  used  dynam¬ 
ical  diffraction  theory  to  simulate  the  measured  X-ray 
rocking  curve.  By  comparing  the  simulation  results  and 
the  DCXRD  data,  we  could  obtain  structure  factors  and 
perpendicular  strains  relative  to  the  InP  barrier. 

II.  EXPERIMENTALS 

MQW  layers  were  grown  at  500  °C  on  (100)  oriented 
n-InP  substrates.  We  use  arsine  (ASH3)  and  phosphine 
(PH3)  as  group  V  element  precursors,  and  triethylgal- 
lium  (TEGa)  and  trimethylindium  (TMIn)  as  group  III 
element  precursors  [9,12-14].  The  CBE  is  highly  sensitive 
to  the  growth  temperature,  Tg ,  so  it  must  be  controlled 
within  a  few  degrees  precision.  The  Tg  was  monitored 
by  an  infrared  pyrometer  (Minolta  630),  having  its  mea¬ 
surement  wavelength  shorter  than  1.1  /im.  Photons  of 
this  wavelength  is  absorbed  by  the  InP  substrate  above 
480  °C  so  that  the  pyrometer  truly  measures  the  surface 
temperature. 

A  0.05-//m- thick  InP  buffer  layer  was  grown  prior  to 
the  MQW  growth.  Two  sets  of  MQW  samples  with 
opposite  strains  were  prepared,  i.e.  Ini_rGarAs  and 
Ini-^Ga^AsyPi-y  well  layers  with  tensile  and  compres- 
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Fig.  1.  Schematic  of  InGaAs(P)/InP  multi-quantum  well 
structure. 


sive  strains  between  InP  barrier  layers.  Each  set  consist¬ 
ed  of  ten  identical  single  quantum  wells  (about  30  A)  sep¬ 
arated  by  300-A-thick  barriers  as  shown  in  Fig.  1  (Strains 
are  confined  in  well  layers).  For  Ini^Ga^As/InP 
MQWs,  the  well  compositions  were  kept  at  x=0.40  and 
0.54  for  samples  with  tensile  and  compressive  strains,  re¬ 
spectively!  For  Ini-^Ga^AsyPi-y/InP,  the  well  strains 
were  kept  at  —0,8  %  and  +0.4  %  for  samples  with  ten¬ 
sile  and  compressive  strains,  respectively.  The  numbers 
of  wells  and  the  thicknesses  of  layers  for  all  MQWs  were 
chosen  to  assure  that  the  total  thicknesses  of  the  entire 
MQWs  were  below  the  critical  thickness  limit. 

To  assess  the  uniformity  of  Ini-^Ga^As  and 
Ini^GarAsyPi_y,  we  performed  DCXRD  measurement. 
This  technique  provides  a  rapid  and  nondestructive 
means  of  characterizing  an  epitaxial  crystalline  structure, 
and  it  is  particularly  useful  for  the  semiconductor  alloys 
Ini-xGa^AsyPi-y ,  since  the  lattice  parameter  of  this 
material  is  strongly  dependent  on  x  and  y.  To  extract  in¬ 
formation  of  epilayers,  the  measured  X-ray  rocking  curve 
was  analyzed  using  a  dynamical  diffraction  theory.  Gen¬ 
erally,  the  X-ray  rocking  curve  is  analyzed  using  a  kine- 
matical  or  dynamical  diffraction  theory.  The  kinematical 
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Fig.  2.  Double-crystal  X-ray  scans  of  the  (400)  reflection  of 
strained  10-well  InGaAs/InP  ternary  MQWs  (upper  curves) 
with  the  results  of  simulation  (lower  curves);  (a)  compressive 
strain  0.6  %.  (b)  tensile  strain  0.3  %. 


butions.  In  the  dynamical  theory,  rocking  curves  are  cal¬ 
culated  by  solving  the  typical  Takagi-Taupin  equations 
[17,18].  For  a  single  homogeneous  layer  the  equation  can 
be  solved  analytically,  giving  the  amplitude  ratio  at  one 
surface  relative  to  that  at  another.  In  order  to  apply  for 
heteroepitaxial  structures  we  considered  each  sample  as 
subdivided  into  layers  of  constant  lattice  parameter  and 
structure  factor.  Ramdom  polarization  is  assumed  in  the 
incident  beam.  The  reflectivity  of  the  sample  is  convo¬ 
luted  with  the  reflectivity  curve  for  the  first  crystal  used 
in  the  double  crystal  diffractometer  to  give  the  rocking 


III.  RESULTS  AND  DISCUSSIONS 


theory  (which  is  an  approximation  to  the  dynamical  the¬ 
ory)  neglects  the  extinction  (i.e.,  multiple  scattering),  so 
it  serves  as  an  adequate  model  when  the  maximum  re¬ 
flecting  power  is  less  than  about  6  %.  When  the  reflect¬ 
ing  power  exceeds  6  %,  the  dynamical  theory  should  be 
used  in  the  rocking  curve  analysis  [15,16].  This  dynam¬ 
ical  model  is  widely  applied  to  the  analysis  of  rocking 
curves  to  get  detailed  strains  and  damage  depth  distri- 


The  upper  curve  of  Fig.  2(a)  shows  a  measured  X-ray 
rocking  curve  of  the  (400)  reflection  of  InGaAs  MQWs 
with  compressive  strain.  Clear  observation  of  zeroth 
peak  from  InGaAs  multilayer  tells  that  these  multilayer 
structures  are  mismatched  with  respect  to  the  InP  [100] 
substrate.  The  satellite  peaks  located  asymmetrically 
on  each  side  of  the  multilayer  main  peak  confirm  the 
high  quality  growth  of  well-defined  InGaAs/InP  MQWs. 
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Fig.  3.  Double-crystal  X-ray  scans  of  the  (400)  reflection 
of  strained  10- well  InGaAsP/lnP  quaternary  MQWs  (upper 
curves)  with  the  results  of  simulation  (lower  curves);  (a)  com¬ 
pressive  strain  0.4  %.  (b)  tensile  strain  0.8  %. 

This  was  also  confirmed  by  the  observation  of  narrow 
linewidth  of  the  photoluminescence  (PL)  spectrum  on 
this  sample,  which  is  explained  elsewhere  in  detail  [19]. 
The  upper  curve  of  Fig.  2(b)  shows  the  same  InGaAs 
MQWs  data  but  with  tensile  strain,  showing  again  clear 
peaks  from  multilayers.  The  quaternary  InGaAsP/lnP 
grown  on  lattice  mismatched  to  the  InP  [100]  substrate 
also  exhibits  a  well-defined  MQWs  structure  with  the 
distinct  satellite  peaks  for  both  tensile  and  compressive 
strained  MQWs  as  shown  in  Fig.  3  by  upper  curves. 

To  extract  information,  the  X-ray  rocking  curve  was 
analyzed  using  a  dynamical  diffraction  theory  mentioned 
above.  First,  the  MQWs  period  (A)  has  been  obtained 
by  averaging  over  the  positions  of  satellite  peaks  of  order 
n  according  to  the  equation  [3,4], 

2  sin  9n  —  2  sin  Osl  n 

AcuKai  A 

Here,  Osl  and  6n  are  the  zeroth  order  peak  and  the 
n-th  order  peak  of  MQWs,  respectively,  while  AcUKai 
(=1.540562  A)  is  the  wavelength  of  the  incident  X-ray 
beam.  Next,  the  basic  equation  used  for  all  rocking 
curve  calculations  gives  the  rate  of  change  of  the  ratio 
of  diffracted  to  incident  beam  amplitudes,  X,  as  a  func¬ 
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tion  of  depth  Z  below  the  surface  of  the  crystal.  It  is 
derived  from  the  Takagi-Taupin  theory  of  diffraction  for 
distorted  crystals  [17,18,20], 

dX  ITT 

lz  =  +  12r"  “  °"{m  +  cYh)  (2) 

where  0q  is  the  Bragg  angle;  Y  is  related  to  the  structure 
factor  F  by  the  formula 

Y  =  -(A  2/nV)reF  (3) 

where  V  is  the  unit  cell  volume,  A  is  the  wavelength,  and 
re  is  the  classical  electron  radius.  The  (*h(Z)  is  defined 
as, 

olh(Z)  =  — 2A (9  -  0o)cos0o /d  (4) 

with  8  the  angle  of  incidence,  where  subscript  H  refers 
to  the  004  reflection  and  subscript  0  refers  to  the  000 
reflection;  c  is  the  polarization  factor,  which  is  1  and 
cos0  for  a  and  7r  polarization,  respectively.  Eq.  (2)  can 
be  written  in  the  simpler  form 

^  =  iC[A(X2  +  1)  +  2  BX]  (5) 

to  have  a  solution 

Y(  xos  +  *(A  +  *oB)  tan [CS(Z  -  z0 )] 

K  S-i(B  +  AxQ)tein[CS(Z-zo)]  1  j 

where  S  =  ( B 2  —  A2)0  5  and  Z  =  z0  at  X  =  x0.  Hence 
the  value  of  X  at  the  top  surface  of  the  layer  can  be 
calculated  if  the  value  at  the  bottom  surface  is  known. 

Using  above  Eq.  (6)  as  lineshape  of  X-ray  measure¬ 
ment  and  assuming  less  than  two  molecular  layer  thick 
interfacial  layers  with  obtained  value  of  A,  the  X-ray 
satellite  patterns  of  the  (hOO)  scans  were  computer  simu¬ 
lated  to  have  fit  determined  structural  parameters.  The 
results  are  also  shown  in  Figs.  2  and  3  together  as  low¬ 
er  curves.  The  structural  parameters  obtained  from  the 
simulation  are  listed  in  Table  1.  This  result  implies  that 
the  MQWs  grown  by  our  CBE  technique  have  well  de¬ 
fined  interfaces.  For  the  ternary  materials,  well  thick¬ 
nesses  obtained  are  37  A  (compressive  strain)  and  35  A 
(tensile  strain).  For  the  quaternaries,  the  values  are  35 
A  (compressive  strain)  and  31  A  (tensile  strain).  We 
note  that  recent  DCXRD  studies  [3,21,22]  have  demon¬ 
strated  that  MQWs  can  be  analyzed  with  one  molecular 


Table  1.  Results  of  X-ray  curve  simulations  on  period,  lat¬ 
tice  mismatch,  and  well  thickness  of  10- well  quaternary  and 
ternary  multilayers. 


Period 
(A, A) 

t  .  well  thick- 
strain  , « . 

ness  (A) 

Compressive  InGaAs/InP  MQWs 

355 

+0.6  % 

37 

Tensile  InGaAs/InP  MQWs 

362 

-0.3  % 

35 

Compressive  InGaAsP/lnP  MQWs 

368 

+0.4  % 

35 

Tensile  InGaAsP/lnP  MQWs 

359 

-0.8  % 

31 

X-ray  Scattering  Studies  on  the  Strained  InGaAs/InP  and  ■  •  •  - 


Fig.  4.  (a)  DCXRD  plot  of  a  ten-period  Ino.62Gao.38As/InP 
MQWs  with  a  period  of  355  A  and  well  width  of  37  A.  (b) 
Computed  DCXRD  plot  assuming  biatomic  strained  interfa¬ 
cial  layers,  (c)  Computed  DCXRD  plot  with  ideally  sharp 
interfaces. 

layer  (~3  A)  precision  in  periodicity  by  using  dynamic 
diffraction  theory,  where  ideally  sharp  interfaces  are  as¬ 
sumed.  The  excellent  agreement  between  the  observed 
and  the  simulated  curves  in  current  work  thus  demon¬ 
strated  the  high  quality  of  interfacial  sharpness  along 
the  growth  direction  in  multilayers  grown  by  CBE  for 
this  study.  These  results  would  not  have  been  obtained 
if  interfacial  roughness  had  exceeded  more  than  about  2 
molecular  layers. 

Figure  4  shows  the  effect  of  non-in terfacial  layers 
(i.e.  ideally  sharp  interfaces)  in  case  of  compressive  In- 
GaAs/InP  MQWs  as  an  example.  The  peak  intensities 
and  positions  did  not  change  significantly  without  these 
thin  interfacial  layers.  Careful  look  at  the  zeroth  and  the 
1st  satellite  peaks  shows  that  the  insertion  of  interfacial 
layers  fits  the  experimental  line  shape  only  slightly  bet¬ 
ter.  We  found  that  in  these  lattice-mismatched  MQWs 
the  elastic  strain  inside  the  well  is  the  major  contributing 
factor  in  achieving  computer  simulated  fit,  and  the  pres¬ 
ence  of  thin  strained  interfacial  regions  of  one  molecular 
layer  thick  has  a  negligible  effect  on  the  simulation. 

We  also  performed  PL,  scanning  electron  microscope 
(SEM),  and  transmission  electron  microscope  (TEM) 
measurements.  Those  results  confirmed  our  above  anal¬ 
ysis  on  X-ray  data,  which  will  be  discussed  in  detail  else¬ 
where  [19]. 

IV.  CONCLUSIONS 

We  have  carried  out  a  DCXRD  study  on  ternary 
Ini_rGaxAs/InP  and  quaternary  Ini-^Ga^AsyPi-y/ 
InP  strained  MQW  structures  grown  on  (001)  InP  sub¬ 
strates  by  CBE.  The  DCXRD  scans  were  analyzed  by 
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dynamical  diffraction  model  of  alternating  wells  and  bar¬ 
riers.  This  dynamical  model  resulted  in  exellent  fits  to 
measured  lineshapes  of  MQWs.  Structural  parameters 
such  as  the  thicknesses  of  the  layers  and  the  amounts  of 
perpendicular  strain  were  obtained.  We  also  showed  that 
assuming  the  interfacial  layer  of  about  biatomic  thickness 
improved  the  simulation  of  lineshape  slightly  better  but 
has  negligible  effect  on  our  current  analysis. 
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We  proposed  the  new  method  in  order  to  control  the  lattice  mismatch  and  bandgap  energy 
for  the  growth  of  independently  lattice-matched  InGaAsP  layers  on  InP  with  LPE  (Liquid  Phase 
Epitaxy)  system.  This  method  is  controlling  the  lattice  mismatch  and  bandgap  energy  using  the 
differential  distribution  coefficient  of  Ga  and  As.  We  had  varied  the  wavelength  and  lattice  constant 
at  each  growth  temperature  of  590  °C  and  630  °C  for  InGaAsP  epilayer  with  the  new  method.  It 
was  confirmed  that  experimental  data  and  estimated  data  of  proposed  method  was  coincide.  It  has 
been  confirmed  from  the  results  that  the  proposed  method  is  useful  to  control  not  only  the  lattice 
mismatch  but  also  the  bandgap  energy  exactly. 


I.  INTRODUCTION 

InGaAsP  layer  is  grown  in  thermodynamic  equilibri¬ 
um  tate  between  solid  and  liquid  phases  in  LPE  system. 
Therefore,  the  quality  of  the  grown  layer  would  be  ex¬ 
pected  better  than  that  of  the  other  growth  method  such 
as  MBE  (Molecular  Beam  Epitaxy)  and  MOCVD  (Metal 
Organic  Chemical  Vapor  Deposition).  It  is  very  impor¬ 
tant  to  calculate  the  liquid  composition  exactly,  since 
the  solid  composition  is  decided  by  the  distribution  coef¬ 
ficient  of  the  liquid  composition.  But  it  has  been  well 
known  that  this  is  hard  work.  In  case  of  quaternary 
compound  the  calculation  is  very  complicated  comparing 
with  binary  and  ternary  compounds  particularly,  because 
it  is  grown  by  combination  of  the  interaction  coefficient  of 
ternary  compound  as  well  as  binary  compound.  There¬ 
fore  the  accurate  calculation  of  the  phase  diagram  has 
been  very  difficult.  Calculations  of  the  phase  diagram 
of  quaternary  compound  have  been  studied  by  many  re¬ 
searchers  [1-8].  The  liquid  composition  of  quaternary 
compound  calculated  from  thermodynamic  phase  dia¬ 
gram  using  these  interaction  coefficients  was  very  differ¬ 
ent  from  the  experiment  results,  because  the  interaction 
coefficient  between  binary  compounds  is  different  from 
the  interaction  coefficient  between  ternary  compounds. 

In  case  of  LPE,  lattice  mismatch  and  band  gap  ener¬ 
gy  must  be  different  in  each  systems,  because  the  sys- 
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tern  depends  on  the  form  of  furnace,  the  structure  of 
graphite  boat,  and  the  flow  of  an  ambient  gas.  For  solv¬ 
ing  these  problems,  the  schematic  phase  diagram  was  de¬ 
termined  by  J.  J.  Hsieh  [9],  but  even  in  this  case  the  re¬ 
sults  were  a  little  different  from  the  experimental  results 
too.  Through  this  similar  method,  the  schematic  phase 
diagram  was  estabilished  with  making  reference  to  many 
experimental  data  by  K.  Nakajima  [10,11].  Especially, 
E.  Kuphal  established  InGaAsP/lnP  empirical  phase  di¬ 
agram  in  the  growth  temperature  between  570  °C  and 
660  °C  by  curve  fitting  to  about  330  published  exper¬ 
imental  data  [12].  Even  though  we  have  made  efforts 
a  lot  of  times  to  control  the  lattice  matching  condition 
and  the  bandgap  energy  separately  using  the  above  men¬ 
tioned  method,  the  results  were  not  so  sufficient  ones. 

We  propose  a  new  method  to  control  the  lattice  mis¬ 
match  and  bandgap.  energy  independently,  using  the  con¬ 
cept  of  differential  distribution  coefficient  in  experimental 
phase  diagram  of  Ga  and  As.  In  this  paper  it  has  been 
shown  that  the  experimental  results  obtained  from  the 
1.3  fi m  InGaAsP/lnP  epitaxial  wafer  at  590  °C  and  630 
°C  using  the  proposed  method  were  good  agreement  with 
the  theoretical  calculation  values. 

II.  AN  INDEPENDENT  CONTROL 

METHOD  OF  LATTICE  CONSTANT  AND 
BANDGAP  ENERGY 

We  must  weight  each  amount  of  liquid  components  In, 
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Ga,  As  and  P  exactly  in  order  to  grow  the  high  quali¬ 
ty  Ini_a;GaxAsi_yPj,  epilayer.  Many  calculations  for  the 
model  which  describes  thermodynamic  equilibrium  state 
between  solid  and  liquid  of  the  groups  III-III-V-V  quater¬ 
nary  compounds  semiconductors  has  been  done  from  the 
phase  diagram  of  binary  and  ternary  compounds  [13-15]. 
The  III-III-V-V  phase  diagram  derived  from  them  have 
been  shown  as  being  unequal  with  the  experimental  re¬ 
sults  because  of  inexact  interaction  coefficients  of  bina¬ 
ry  and  ternary  compounds.  In  case  of  quaternary  com¬ 
pound,  the  phase  diagram  is  derived  from  curve  fitting 
of  the  experimental  data  of  binary  one  and  ternary  one. 
Since  most  of  these  data  was  determined  by  observing 
gold  furnace  at  high  temperature,  the  accuracy  of  these 
data  was  decreased  in  lower  temperature  range  of  570 
°C  to  670  °C  for  InP  system.  Therefore,  we  need  to  ad¬ 
just  the  interaction  coefficient  in  order  to  get  the  data 
approximated  to  the  experimental  value.  In  that  case, 
the  thermodynamic  characteristic  of  III-III-V-V  system 
may  be  deviated  from  the  general  case.  Generally  in 
the  case  of  In-Ga-As-P  system,  several  researchers  made 
data  for  experiment  using  the  liquid  equations  of  solid- 
liquid  equilibria  for  quaternary  system  proposed  by  A.  S. 
Jordan  et  al  [15],  but  the  results  differ  from  our  experi¬ 
ment  data.  The  other  experimental  method  was  the  seed 
dissolution  method  that  was  performed  to  obtain  liquid 
composition.  But  in  case  of  quaternary  compound,  the 
liquid  composition  of  one  component  can  be  determined 
from  three  kinds  of  the  determined  liquid  composition, 
so  that  it  is  difficult  to  get  epilayer  to  satisfy  both  of  lat¬ 
tice  matched  condition  and  band  gap  energy  at  the  same 
time.  In  order  to  compensate  these  problems,  the  method 
of  graphic  display  was  made  with  various  published  data. 
Especially  E.  Kuphal  made  the  empirical  equation  using 
the  published  data  and  it  is  a  well  known  method  up  to 
now  [12].  However,  in  case  of  applying  InGaAsP  epilayer 
to  the  devices  such  as  laser  diode,  we  must  be  able  to 
change  the  lattice  matching  condition  and  wavelength  at 
the  same  time. 

When  we  control  the  lattice  mismatch  or  the  band  gap 
energy  deviation,  the  lattice  matching  condition  is  ob¬ 
tained  by  the  liquid  composition  of  Ga  in  the  base  of 
GaAs  and  the  band  gap  energy  deviation  is  controlled  by 
the  liquid  composition  of  As  in  the  base  of  InAs.  But  the 
lattice  constant  is  changed  by  the  liquid  composition  of 
In.  It  cannot  control  the  liquid  composition  of  Ga  and 
As,  respectively.  Till  now  in  LPE  growth  technique,  no¬ 
body  proposed  the  method  of  independently  controlling 
the  lattice  constant  and  the  bandgap  energy  of  quater¬ 
nary  InGaAsP  layer.  Therefore,  we  introduced  a  new 
method,  the  differential  distribution  coefficients  method, 
to  find  out  the  rate  of  solid  to  liquid  composition  varia¬ 
tion.  Using  this  new  method  we  can  control  lattice  con¬ 
stant  and  bandgap  energy  independently.  The  lattice 
mismatch  and  the  wavelength  deviation  to  liquid  compo¬ 
sition  deviation  can  be  expressed  as  follow. 


A  a 


SrA  X! 


dX\  ‘ 
d\ 
dX\‘ 


AA  = 


(1) 

(2) 


In  the  equation  (1)  and  (2),  X]  is  the  liquid  composition 
of  i  component  and  in  case  of  InGaAsP  the  lattice  con¬ 
stant,  a,  and  wavelength,  A,  are  affected  by  the  liquid 
compositions  of  Ga  and  As.  Since  the  supersaturation 
is  mainly  occured  by  Phosphorus,  the  variation  of  phos¬ 
phorus  component  is  neglected. 

Especially  when  we  grow  epilayer  by  InP  two  phase  so¬ 
lution,  the  component  of  phosphorus  is  fed  automatically, 
therefore  equation  (1)  and  (2)  is  given 


a  -  <9a  i  da  j 

Aa  -  dx‘GAX^  dx>AsAXA* 

=  AAX^  +  BAX^ 

(3) 

"  =  4.ix4*+«lA*L 

=  CAXGa  +  DAXAs 

(4) 

where  A ,  B ,  C,  and  D  is  given  by 

da  da  dx 

~  dx‘Ga  -  dx  dx'Ga 

(5) 

da  da  dy 

~  dX‘As  ~  dy  dX>As 

(6) 

where  x  and  y  are  solid  composition  of  Ga  and  of  As, 
respectively. 


C 

D 


dX  _  <9A  dEg  _  A2  d Eg  dx 
dXL  ~  dE9  dX'G&  ~  1.2398  dx  dX‘Ga 

dX  _  A2  dEg  dy  ,g. 

dXlAs  ~~  1.2398  dy  dX‘As  U 


where  a  and  Eg  are  given  by  a  =  0.032272/  —  0.007128*  + 
0.002214 xy 


Eg  =  1.35  +  0.668  -  1.068t/  +  0.758x2  +  0.078y2 
—0.069*2/  -  0.322*2y  +  0.03*2/2 


In  these  equation  (5)  to  (8),  da/dx ,  da/dy ,  dEg/dx) 
and  dEg/dy  mean  the  differential  value  of  each  solid  com¬ 
positions.  We  refer  to  the  differential  distribution  coef¬ 
ficient  as  dx/dXlGai  and  dy/dXlAs  and  can  control  the 
lattice  mismatch  and  wavelength  deviation  with  liquidus 
compositions  of  Ga  and  As  according  to  these  coefficients. 

These  coefficients  can  be  got  from  the  empirical  equa¬ 
tions  in  reference  [12]  and  are  shown  in  Fig.  1.  We  show 
the  deviation  of  the  differential  distribution  coefficient 
due  to  wavelength  of  InGaAsP  epilayer  in  Fig.  1.  If  wave¬ 
length  becomes  longer,  dx/dXlGa^  decreases  gradually  but 
dy/dXlAs  increases.  It  means  that  moving  from  InP  of  the 
shortest  wavelength  to  InGaAs  of  the  longest  wavelength 
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(a) 


(b) 

Fig.  1.  Differential  distribution  coefficient  of  Ga  and  As 
with  the  wavelength  (a)  Variation  of  differential  distribution 
coefficient  Ga  with  the  growth  temperature,  (b)  Variation  of 
differential  distribution  coefficient  As  with  the  growth  tem¬ 
perature. 


makes  the  wavelength  deviation  sensitive  according  to 
liquidus  composition  of  As.  That  is  the  reason  why  the 
method  of  changing  In  As  to  control  wavelength  is  useful. 
In  the  short  wavelength  range  dx/dXG a  and  dy/dXlAs 
are  increased  according  to  increase  of  growth  tempera¬ 
ture.  It  is  difficult  to  control  wavelength  in  short  range 
because  of  the  influence  of  supersaturation  of  growth  so¬ 
lution.  In  other  words  it  means  that  the  exact  control 
of  the  liquid  component  of  Ga  and  As  in  order  to  con¬ 
trol  wavelength  is  very  difficult  in  case  of  high  growth 
temperature. 

Therefore  in  order  to  get  desirous  lattice  constant  and 
wavelength,  we  can  obtain  and  AXAsy  the  devi¬ 

ation  of  the  liquidus  composition  of  Ga  and  As,  from 
equation  (9)  and  (10)  derived  equation  (3)  and  (4). 


AX 


i 

Ga 


BAX  -  DAa 


(9) 


= 


CAa  -  AAA 
BC-  AD 


(10) 


We  can  obtain  AXlG2i  and  AXlAs  if  the  amount  of  lat¬ 
tice  mismatch  measured  experimentally  at  some  growth 
temperature,  the  desirous  wavelength  deviation  and  the 
coefficient  A,  By  C  and  D  are  substituted  into  Eq.  (9) 
and  (10),  wavelength  and  coefficient  A,  B,  Cy  D  in  the 
equation  (9),  (10),  we  can  get  AX^  and  AXlAs,  the  devi¬ 
ations  of  liquid  component  of  Ga  and  As.  We  dare  to  say 
that  the  method  using  the  distribution  coefficient  pro¬ 
posed  above  methods  regards  as  very  effective  method  to 
control  the  lattice  constant  and  the  variations  of  wave¬ 
length  in  the  InGaAsP  layer.  Because  this  method  can 
control  the  lattice  constant  and  the  wavelength  more  ex¬ 
actly  and  easily  than  that  of  empirical  methods.  In  the 
following  section,  this  will  be  proved  as  an  useful  method 
in  growing  the  InGaAsP. 


III.  EXPERIMENT  AND  DISCUSSION 

The  growth  of  1.3  fim  InGaAsP  was  done  at  the  growth 
temperature  590  °C  and  630  °C  in  order  to  confirm 
whether  the  wavelength  and  lattice  constant  is  controlled 
independently  or  not.  In  our  experiments  a  vertical  LPE 
system  with  a  cylindrical  rotary  crucible  of  high  puri¬ 
ty  graphite  boat  was  used.  InGaAsP  growth  was  per¬ 
formed  in  a  hydrogen  ambient  using  two-phase  solution 
technique.  After  loading  the  boat  with  the  substrate  and 
the  InGaAsP  solution,  the  melt  was  homogenized  for  1 
hrs  at  above  saturation  temperature  more  than  20  °C 
and  cooled  at  a  rate  of  0.4  °C/min. 

At  first,  1.3  //m  InGaAsP  epilayers  were  grown  dur¬ 
ing  10  seconds  with  supersaturated  temperature  of  3  °C 
and  its  result  was  measured  by  DXRD  (double-crystal 
x-ray  diffraction)  and  room  temperature  PL  (photolumi¬ 
nescence).  The  wavelength  of  the  grown  epilayers  was 
13244.9  A,  the  lattice  mismatch  was  present  —  l.OxlO-3. 
The  wavelength  and  the  lattice  constant  were  adjusted 
under  these  results  by  using  equation  (9)  and  (10).  The 
result  of  experiment  under  the  fixed  wavelength  is  shown 
in  Fig.  2  and  the  lattice  mismatch  changed  at  the  rate 
of  3.0xl0“4.  The  result  of  DXRD  measurement  and  PL 
measurement  are  shown  in  Fig.  2(a)  and  (b),  respective¬ 
ly.  As  you  know  from  figure,  lattice  mismatch  changes 
linearly  in  the  direction  of  positive  and  the  wavelength 
changes  maximum  126  A.  It  can  be  controlled  exactly 
within  57  A  compared  with  the  wavelength  of  InGaAsP 
layer  just  before  adjustment.  Fig.  3  shows  that  variation 
amounts  and  experiment  values  of  AXlG^  and  AXlAs  from 
reported  method  are  compared  with  those  of  AXGa  and 
AA^S  with  standard  experiment  5.  The  solid  line  and 
dashed  line  represent  the  variation  of  the  liquid  compo¬ 
sition  in  Ga  and  As.  The  symbol  □  and  •  represent  the 
measurement  of  liquid  composition  for  Ga  and  As  respec¬ 
tively  according  to  the  lattice  mismatch.  As  you  know 
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(a)  DXRD  <b)  PL 

Fig.  2.  The  measurement  result  of  the  DXRD  and  PL  with 
the  lattice  mismatch  correction  at  590  °C. 
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Fig.  4.  The  measurement  result  of  the  DXRD  and  PL  with 
the  wavelength  correction  at  590  °C. 
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Fig.  3.  Analysis  of  an  experimental  and  calculated  result 
with  the  lattice  mismatch  correction. 
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Fig.  5.  Analysis  of  an  experimental  and  calculated  result 
with  the  wavelength  correction. 


from  Fig.  3  measurements  and  calculated  value  were  al¬ 
most  equal.  Although  it  is  not  represented  in  the  figure, 
the  lattice  pulling  phenomenon  happens,  if  the  lattice 
mismatch  was  larger  than  0.05  %,  that  is  because  we  used 
two-phase  solution  technique.  We  confirmed  that  the  lat¬ 
tice  mismatch  can  be  adjusted  freely  without  varying  the 
wavelength. 

In  the  contrast  of  previous  experiment,  the  next  ex¬ 
periment  was  done  contrary  to  the  previous  experiment 
fixed  under  the  lattice  mismatch  and  the  wavelength  vari¬ 
ation.  The  lattice  mismatch  of  start  point  is  — 5.1xl0-4, 
and  the  wavelength  is  13211.9  A.  In  this  case,  we  shifted 
the  wavelength  with  fixed  lattice  mismatch  toward  short 
wavelength  range  by  200  A  each.  And  these  results  are 
shown  in  Fig.  4.  Fig.  4(a)  shows  results  of  controlling 
the  lattice  constant  with  various  wavelength  in  Fig.  4(b) 
In  spite  of  varied  wavelength  this  method  exactly  con¬ 
trolled  the  lattice  mismatch  variation  less  than  0.002  % 
as  shown  in  the  Fig.  4(a).  The  experimental  results  of 
adjusting  wavelength  are  compared  with  the  theoretical 


data  obtained  by  the  proposed  method  in  Fig.  5. 

Although  we  varied  wavelength  by  the  0.8  fim}  we  can 
get  the  wanted  wavelength  conversion  by  this  method.  In 
the  range  of  short  wavelength,  the  supersaturation  could 
be  increased  generally  as  the  solubility  of  P  component 
is  increased  by  decreasing  the  As  component  of  InGaAsP 
solution.  However,  this  experiment,  we  could  neglect  the 
effect  of  the  P  component  because  the  supersaturation 
almost  do  not  happen. 

We  grew  the  1.3  fi m  InGaAsP  in  the  growth  temper¬ 
ature  630  °C,  and  we  varied  the  wavelength  and  lattice 
mismatch  according  to  the  proposed  method.  We  first 
used  epilayer  which  had  lattice  mismatch  of  — 7.8xl0-4 
and  wavelength  of  13388.3  A.  We  have  varied  the  lattice 
mismatch  with  fixing  wavelength  by  3.0 x  10“4  each.  The 
results  are  shown  in  Fig.  6.  It  can  be  seen  from  Fig.  6. 
that  the  lattice  mismatch  is  varied  linearly.  From  Fig. 
6(b)  the  wavelength  change  is  as  small  as  87  A,  and  the 
maximum  of  deviation  between  pre-correction  and  post¬ 
correction  was  larger  than  that  in  Fig.  2(b).  It’s  reason 


-S472- 


Journal  of  the  Korean  Physical  Society,  Vol.  34,  June  1999 


InP  sub.  I«P  Sub. 


U  -ZOU  -100  0  100  ZOO  300  nuug  IZOOO  130D0  mooo  15000  iiOOO  12000  13000  14000  15000  .400  ,300  ,200  ,100  „  1C 

ANGLEfARCSECl  WAVELENGTH!  WAVELENGTH!  ^  1  ANGLEfARCSEC! 

(a)  DXRD  (b)  PL  (a)  DXRD  (b)  PL 


Fig.  6.  The  measurement  result  of  the  DXRD  and  PL  with  Fig.  8.  The  measurement  result  of  the  DXRD  and  PL  by 

the  lattice  mismatch  correction  at  630  °C.  the  wavelength  correction  at  630  °C. 
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Fig.  7.  Analysis  of  an  experimental  and  calculated  result  Fig.  9.  Analysis  of  an  experimental  and  calculated  result 

with  the  wavelength  correction.  by  the  wavelength  correction. 


may  be  that  the  differential  distribution  coefficient  of  As 
component  at  630  °C  had  increased  over  about  1/3  more 
than  at  590  °C.  The  estimated  data  and  experimental 
data  for  liquid  compositions  of  Ga  and  As  with  the  pro¬ 
posed  method  are  shown  in  Fig.  7.  It  can  be  found 
that  the  experimental  results  coincide  with  the  estimat¬ 
ed  data  well.  And  above  5.0  xlO”4,  the  lattice  pulling 
phenomenon  was  occurred  just  as  Fig.  3. 

Finally,  we  fixed  the  lattice  mismatch  and  varied  the 
wavelength.  InGaAsP  epilayer  at  the  starting  point 
had  the  mismatch  of  -8.4xl0-4  and  the  wavelength  of 
13225.7  A  we  began  varying  the  wavelength  at  the  in¬ 
terval  of  about  200  A.  The  experimental  result  is  shown 
in  Fig.  8(a).  Fig.  8(b)  gives  the  lattice  mismatch  of 
each  experiment,  Even  the  maximum  variation  of  0.019 
%,  the  influence  of  lattice  mismatch  hardly  appeared. 
The  comparison  of  experimental  results  and  estimated 
results  by  proposed  method  is  given  in  Fig.  9.  The  same 
phenomenon  has  also  appeared  as  shown  in  Fig.  5. 

As  the  above-mentioned,  the  epilayer  where  initial  lat¬ 


tice  mismatch  and  wavelength  shift  were  occurred  was 
controlled  independently  by  introducing  new  concept  of 
differential  distribution  coefficient  for  Ga  and  As  there¬ 
fore  we  confirmed  that  it  was  possible  to  control  wave¬ 
length  and  lattice  constant  independently. 

IV.  CONCLUSIONS 

It  was  a  problem  that  the  independent  control  of  lattice 
match  and  wavelength  variation  was  impossible  in  case 
of  InGaAsP  epilayer  growth  by  using  conventional  phase 
diagrams.  In  order  to  overcome  it,  we  first  introduced 
the  new  concept  of  “differential  distribution  coefficient” 
in  this  research.  Then  we  proposed  the  method  by  which 
it’s  possible  to  control  the  wavelength  and  lattice  con¬ 
stant  independently.  We  had  varied  the  wavelength  and 
lattice  constant  at  each  growth  temperature  of  590  °C 
and  690  °C  for  InGaAsP  epilayer  with  the  method.  It 
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was  confirmed  that  experimental  data  and  estimated  da¬ 
ta  of  proposed  method  was  coincide  in  the  measurement 
of  lattice  mismatch  with  fixing  wavelength  and  varying 
lattice  mismatch  at  the  interval  of  3.0  xlO-4  each.  At 
this  time,  the  wavelength  shifts  of  57  A  and  87  A  on¬ 
ly  were  observed  at  the  growth  temperature  570  °C  and 
630  °C  respectively.  And  it  can  be  concluded  that  the 
experimental  data  coincides  with  estimated  data  by  fix¬ 
ing  the  lattice  mismatch  and  varying  the  wavelength.  At 
this  time,  it  was  confirmed  that  lattice  mismatch  was 
varied  only  by  0.02  %  and  0.0019  %  only  at  the  growth 
temperature  of  590  °C  and  630  °C,  respectively.  From 
these  results,  we  could  confirm  it  was  so  useful  to  control 
wavelength  and  lattice  constant  independently  by  using 
differential  distribution  coefficient. 
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A  conventional  vertical  LPE  (Liquid  Phase  Epitaxy)  system  was  modified  in  order  to  grow  thin 
MQW  (Multiple  Quantum  Well)  layers  below  100  A  reproducibly.  Although  MQW  layers  were 
grown  by  using  the  modified  system,  it  was  difficult  to  get  a  reproducible  thin  layer  because  of  the 
instability  of  solution  during  growth.  To  solve  this  problem,  we  made  a  new  structure  of  graphite 
boat.  After  growth  using  it  the  uniformity  of  each  layer  was  improved,  and  also  more  than  1/2 
of  growth  thickness  and  1/3  of  thickness  deviation  could  be  reduced.  Moreover,  minimum  growth 
thickness  of  60  A  (InGaAsP  QW  layer)  was  achieved.  It  could  be  concluded  that  the  unstability  of 
solution  affected  a  reproducible  growth  of  MQW  layers. 


I.  INTRODUCTION 

The  typical  methods  for  growing  III- V  compound  semi¬ 
conductor  are  LPE,  MOVPE,  MBE  etc .  In  case  of  LPE 
although  the  performance  controlling  the  thickness  of 
growth  a  little  inferior  to  the  other  methods,  a  good  qual¬ 
ity  of  epitaxial  layer  can  be  achieved  from  the  ideal  ther¬ 
mal  equilibrium  state  and  the  structure  is  simple.  For 
this  reason  the  chemical  growth  mechanism  and  method 
have  been  researched  with  LPE  system  for  over  30  years 
[1,2]  since  tunneling  diode  and  GaAs  semiconductor  laser 
was  made  with  LPE  method  by  Nelson  in  1963  [3].  There 
are  two  kinds  of  LPE  system  such  as  a  vertical  type  and  a 
horizontal  type  according  to  direction  of  a  reaction  tube. 
The  vertical  system  has  several  advantages  such  as  low 
maintenance  cost  and  the  size  etc.  In  this  research  a 
conventional  vertical  LPE  system  was  modified,  and  its 
characteristics  was  evaluated. 

In  case  of  a  vertical  LPE  system  growth  is  proceeded 
in  rotation  of  solution  holder  as  upper  part  of  a  graphite 
boat.  It  was  seen  that  there  happened  a  problem  in  equi¬ 
librium  condition  due  to  rolling  of  solution  by  the  above- 
mentioned  structural  effect.  Therefore  we  designed  and 
made  a  new  structure  of  graphite  boat  capable  of  solv¬ 
ing  this  problem.  The  influence  of  solution  unstability 
on  grown  layers  has  been  investigated  by  research  of  the 
characteristics  of  a  graphite  boat. 

In  section  II  improvement  of  a  vertical  LPE  system 
was  described,  the  influence  of  solution  unstability  on 
growth  of  MQW  layers  was  discussed  in  section  III,  and 
a  conclusion  was  given  finally  in  section  IV. 
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II.  THE  IMPROVEMENT  OF  A  VERTICAL 
LPE  SYSTEM 

In  order  to  control  the  thickness  of  a  grown  layer  pre¬ 
cisely  and  reproducibly,  the  temperature  of  growth  so¬ 
lution  must  be  maintained  uniformly  and  the  tempera¬ 
ture  difference  in  the  growth  solution  must  be  reduced. 
This  temperature  characteristic  is  affected  mainly  by  the 
temperature  characteristic  of  a  furnace,  besides  by  the 
structure  of  reaction  tube  and  a  graphite  boat. 

Heat  was  supplied  in  parallel  to  a  graphite  boat  in  a 
horizontal  LPE  system,  while  it  was  supplied  converging 
from  outside  of  a  graphite  boat  in  a  vertical  system  so 
that  the  temperature  in  the  center  of  the  graphite  boat  is 
lower  than  the  outside.  Thereby  it  is  difficult  to  get  the 
uniform  thickness  of  a  growth  layer  because  the  inside  of 
a  substrate  is  grown  thicker  due  to  higher  supersaturation 
than  the  outside.  Therefore  the  system  wets  modified  to 
solve  the  problem  as  Fig.  1. 

The  new  furnace  used  in  the  modified  LPE  system  is 
as  follows:  1)  reduces  the  temperature  difference  between 
the  inside  and  the  outside  of  a  graphite  boat  because  it  is 
able  to  supply  heat  from  bottom.  2)  the  zirconium  tube 
of  a  high  thermal  capacity  was  inserted  between  KAN- 
TAL  wire  and  reation  tube  in  order  to  decrease  thermal 
nonuniformity  in  azimuth  direction.  But  the  vertical  dif¬ 
ference  of  temperature  between  the  substrate  and  growth 
solution  could  be  increased  by  supplying  of  heat  from  the 
bottom  of  the  furnace,  so  that  there  can  be  happened  an 
abnormal  growth.  Therefore  we  determined  the  optimum 
condition  of  the  distance  between  the  graphite  boat  and 
the  bottom  of  the  furnace.  Fig.  2  shows  the  measured  re¬ 
sult  of  the  azimuth  directional  temperature  characteristic 
of  the  furnace  shown  in  Fig.  1. 
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Fig.  1.  A  schematic  diagram  of  the  modified  LPE  system. 
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Fig.  2.  Temperature  characteristics  of  a  graphite  boat 
shown  in  Fig.  1  in  azimuth  direction. 

It  is  seen  from  Fig.  2  that  the  temperature  differ¬ 
ence  of  azimuth  direction  is  about  ±0.1  °C,  while  the 
temperature  difference  of  the  commercial  LPE  system  is 
about  ±1  °C.  Therefore  the  performance  of  the  modified 
furnace  of  our  system  is  about  ten  times  better  than  the 
commercial  one.  Because  the  quality  of  an  epitaxial  layer 
depends  on  vacuum  of  LPE  system,  a  flange  was  made  as 


all-in-one  part  to  prevent  leakage  and  its  coupling  had  a 
good  structure  capable  of  being  joined  to  a  reation  tube 
by  an  o-ring.  Moreover,  a  small  water  tube  inside  the 
flange  was  replaced  efficiently  with  any  additional  cool¬ 
ing  pipe  for  protecting  thermal  damage  of  an  o-ring  from 
heat.  The  vacuum  of  the  modified  system  could  be  10-5 
Torr  as  the  maximum  vacuum  of  a  mechanical  pump. 

III.  INFLUENCE  ON  GROWTH  OF  MQW 
LAYER  DUE  TO  SOLUTION  INSTABILITY 

When  we  grew  an  epitaxial  layer  with  the  modified 
LPE  system  to  make  MQW-LD,  it  was  a  big  problem  that 
thickness  of  the  layer  was  not  uniform  and  reproducible. 
It  was  considered  that  epitaxial  layer  was  grown  on  a 
substrate  by  rotation  of.  solution  in  a  vertical  system, 
while  moving  of  a  substrate  in  a  horizontal  system.  Fig. 
3  shows  a  photograph  of  a  graphite  boat  in  a  conventional 
vertical  LPE  system  [4]. 

Left  side  of  Fig.  3  is  a  holder  of  solution  and  right 
side  is  a  holder  of  substrates.  It  shows  the  structure  of 


Fig.  3.  A  graphite  boat  of  rotating  solution. 


Fig.  4.  MQW  layers  grown  by  using  the  graphite  boat 
shown  in  Fig.  3. 
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rotating  solution  during  growth.  Fig.  4  shows  the  most 
typical  result  of  MQW-DH  wafer  which  was  grown  in  630 
°C  and  cooling  speed  of  0.4  °C/min  by  using  the  graphite 
boat  shown  in  Fig.  4. 

As  shown  in  Fig.  4,  there  is  problems  in  uniformity  on 
the  grown  layers,  and  it  can  be  seen  that  the  thickness 
of  the  grown  layers  was  more  decreased  than  the  pre¬ 
vious  grown  layer.  A  conclusion  was  deduced  from  the 
growth  result  as  follows:  When  InP  layers  and  InGaAsP 
layers  were  grown  alternately  with  rotation  of  a  solution 
holder  in  growth  of  MQW  layers,  the  equilibrium  condi¬ 
tion  could  be  broken  due  to  disturbance  of  solution.  In 
case  of  InP  two  phase  solution  method  used  in  growth 
of  InGaAsP/InP  MQW  layers,  InP  seed  maintains  ther¬ 
mal  equilibrium  condition  of  growth  solution  layer  un¬ 
til  growth.  It  was  thought  that  initial  growth  rate  was 
increased  by  broken  thermal  equilibrium  due  to  distur¬ 
bance  of  solution,  and  growth  rate  was  decreased  due  to 
lack  of  V-group  elements  because  of  continuous  diffusion- 
limited  growth  by  V-group  elements  of  big  distribution 
coefficient.  It  was  concluded  that  the  most  important 
thing  is  to  get  stability  of  solution  to  decrease  initial 
growth  rate  and  to  get  a  uniform  MQW  layer.  There¬ 
fore  a  new  graphite  boat  of  the  structure  shown  in  Fig. 

5  was  designed  and  made  to  get  stability  of  solution. 

A  graphite  boat  of  left  side  shown  in  Fig.  5  fixes  solu¬ 
tion  holder  of  left  side  by  using  two  quartz  pins  in  front, 
and  also  fixes  a  reaction  tube.  A  center  graphite  boat 
is  connected  to  the  rotation  axis  as  a  substrate  holder, 
and  has  the  structure  of  rotating  substrates  with  being 
inserted  between  the  left  side  and  the  right  side  as  com¬ 
paring  to  the  graphite  boat  shown  in  Fig.  3.  In  case 
of  a  vertical  system  in  Fig.  3  a  graphite  boat  is  easy  to 
rotate  unstably  by  bending  of  rotation  stick  or  deviation 
of  rotation  axis,  but  a  graphite  boat  of  Fig.  5  prevent 
from  unstable  rotation  by  the  structure  of  3-step.  Fig. 

6  shows  a  cross-sectional  photograph  of  the  result  grown 
on  the  same  condition  as  Fig.  2  by  using  a  graphite  boat 
of  Fig.  5. 

It  can  be  seen  from  Fig.  6  that  deviation  of  thickness 
between  growth  layers  was  decreased,  and  also  unifor- 


Fig.  5.  A  photograph  of  a  modified  graphite  boat. 
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Fig.  6.  MQW  layers  using  the  graphite  boat  of  Fig.  5. 


mity  and  quality  of  interface  was  improved.  It  can  be 
concluded  from  the  above-mentioned  fact  that  rotating 
substrates  scheme  gives  more  stable  condition  of  solu¬ 
tion  than  rotating  solution  scheme.  InGaAsP  layers  as 
QW  layers  were  grown  by  three  layers  per  one  second  in 
0.4  °C/min  of  cooling  rate  and  630  °C  of  temperature. 
Table  1  shows  average  thickness  and  deviation  of  each 
grown  layer  in  center  and  edge.  The  experiment  with  a 
graphite  boat  of  Fig.  3  had  been  done  more  than  200 
times,  and  that  of  Fig.  5  had  been  done  more  than  80 
times. 

It  can  be  seen  from  Table  1  that  edge  overgrowth  have 
happened  on  the  result  taken  by  using  a  graphite  boat 
of  Fig.  3  more  severely  than  the  case  of  Fig.  5.  Its 
cause  seems  to  be  that  supersaturation  in  solution  was 
different  by  rolling  of  solution  during  rotation  of  solution 
holder.  In  case  of  Fig.  3  average  thickness  and  thickness 
deviation  between  grown  layers  is  very  big.  The  more 
a  layer  was  grown  later,  the  more  its  average  thickness 
was  decreased  because  initial  supersaturation  become  big 
due  to  broken  equilibrium  by  rolling  of  solution.  But  in 


Table  1.  Average  thickness  and  standard  deviation  of 
MQW  layers. 


(a)  using  the  graphite  boat  of  Fig.  3 


point 

growth  layer 

edge 

center 

average 

(A) 

standard 
deviation  (A) 

average 

(A) 

standard 
deviation  (A) 

first  layer 

455 

155 

348 

110 

second  layer 

354 

120 

343 

113 

third  layer 

284 

98 

282 

82 

(b)  using  the  graphite 

boat  of  Fig.  4 

point 

edge 

center 

average 

standard 

average 

standard 

growth  layer 

(A) 

deviation  (A) 

(A) 

deviation  (A) 

first  layer 

189 

44 

180 

39 

second  layer 

159 

28 

153 

27 

third  layer 

143 

27 

141 

27 
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Fig.  7.  SEM  photograph  of  MQW  layers  (growth  tempera¬ 
ture:  590  °C)  (a)  1.3  /zm  InGaAsP/InP  MQW  layers  and  (b) 
1.1  /zm  InGaAsP/InP  MQW  layers. 


case  of  Fig.  5  uniformity  of  each  layer  and  also  average 
thickness  of  grown  layers  were  increased  considerably  so 
that  average  thickness  was  decreased  more  than  1/2  and 
thickness  deviation  was  decreased  more  than  1/3. 

Moreover,  Fig.  7  shows  the  result  grown  at  tempera¬ 
ture  of  590  °C  in  order  to  know  what  is  the  limit  to  be 
grown  with  LPE  system,  (a)  and  (b)  represent  the  grown 
layers  of  1.3  /zm-InGaAsP/InP  and  1.1  /zm-InGaAsP/InP 
respectively,  and  each  thickness  is  about  60  A.  This  is 
the  result  beyond  the  report  that  uncertainty  of  inter¬ 
face  between  grown  layers  is  about  100  A  [5]  in  case  of 
LPE.  Therefore  it  means  that  high  quality  of  optical  de¬ 
vices  having  MQW  layers  can  be  made  also  by  using  LPE 
system.  From  the  above  results  it  can  be  seen  that  the 
modified  graphite  boat  is  excellent.  It  can  be  deduced 
that  thickness  deviation  between  grown  layers  appeared 
big  in  unstable  solution  due  to  increase  of  initial  super¬ 
saturation.  Therefore  it  can  be  concluded  that  the  sta¬ 
bility  of  solution  is  very  important  in  reproducibility  and 
thickness  control  of  growth  layers. 

IV.  CONCLUSIONS 

The  conventional  LPE  system  has  been  modified  to 
improve  the  reproducibility  in  grown  QW  layers  and  to 
get  high  qualities  of  epitaxial  layers.  Especially  the  tem¬ 
perature  characteristics  of  a  furnace  and  the  stability  of 


£he  system  has  been  improved.  The  temperature  char¬ 
acteristics  of  a  graphite  boat  in  azimuth  direction  were 
measured  after  modification  and  the  result  was  ±0.1  °C. 
Vacuum  of  the  system  was  also  improved  to  be  10”5  Torr 
by  replacing  with  a  new  reaction  tube  and  flange.  The 
important  problem  was  that  the  MQW  epitaxial  layers 
grown  with  the  modified  LPE  system  was  not  repro¬ 
ducible  and  also  was  not  controlled  their  thickness.  It 
is  because  growth  was  achieved  on  substrates  in  rotation 
of  solution  generally  in  a  vertical  LPE  system.  In  order 
to  solve  the  unstability  occurred  by  rotation  of  solution, 
a  new  graphite  boat  was  designed  and  made  to  move 
substrate  holder  without  rotation  of  solution.  From  the 
growth  result  with  the  modified  graphite  boat  uniformity 
of  each  layer  was  improved,  thickness  deviation  between 
the  grown  layers  was  decreased,  and  growth  thickness 
and  thickness  deviation  could  be  decreased  more  than 
1/2  and  1/3  respectively.  Moreover,  minimum  growth 
thickness  of  60  A  was  achieved  and  it  is  an  excellent  re¬ 
sult  considering  the  uncertainty  between  interfaces  grown 
by  LPE.  Therefore  it  could  be  concluded  that  LPE  sys¬ 
tem  could  be  used  also  in  fabrication  of  optical  devices 
having  MQW  layers. 
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In  this  paper,  we  report  a  two-step  gate  recess  process  that  uses  the  single  step  gate  patterning 
and  the  sequentially  selective  dry  and  wet  etchings  to  improve  the  breakdown  voltage  of  low  noise 
P-HEMT  device.  The  current-voltage  (I-V)  and  gate-to-drain  reverse  diode  characteristics  of  P- 
HEMT  fabricated  by  using  two-step  gate  recess  are  compared  with  those  by  using  the  conventional 
single  gate  recess.  The  high  gate-to-drain  breakdown  voltage  (—11.7  V),  low  output  conductance 
(19  mS/mm),  and  low  leakage  current  (0.4  pA)  in  pinch-off  region  of  I-V  characteristics  are  obtained 
for  the  low  noise  P-HEMT  fabricated  with  two-step  gate  recess  process. 


I.  INTRODUCTION 

At  present,  the  low  noise  high  electron  mobility  tran- 
sistors(HEMTs)  are  widely  used  in  the  front  end  of  satel¬ 
lite  communications,  radio  astronomy,  and  satellite  direct 
broadcasting  receiver  systems  [1,2].  The  pseudomorphic 
AlGaAs/InGaAs/ GaAs  HEMT  (P-HEMT)  has  demon¬ 
strated  high  frequency  and  low  noise  performance  at  mil¬ 
limeter  and  microwave  frequency  [3,4].  However,  the  low 
noise  P-HEMT  has  the  limiting  factor  for  power  applica¬ 
tions  due  to  the  relatively  low  gate-to-drain  breakdown 
voltage.  Although  the  breakdown  mechanism  in  field  ef¬ 
fect  transistors  including  MESFET  and  P-HEMT  is  still 
not  totally  understood,  it  is  generally  known  that  break¬ 
down  occurs  at  the  gate  edge  nearest  the  drain  where  the 
electric  field  is  highest  or  along  the  surface  between  the 
gate  and  the  drain  [5,6].  To  improve  the  gate  to  drain 
breakdown  voltage  of  P-HEMT  device,  the  gate  recess 
process  is  the  most  critical.  For  low  noise  applications,  it 
is  important  to  have  a  narrow  recess  that  is  slightly  larg¬ 
er  than  the  gate  footprint.  But  a  gate  recess  larger  than 
the  gate  footprint  is  necessary  for  power  applications. 

In  this  study,  we  report  the  low  noise  P-HEMT  de¬ 
vices  with  a  high  reverse  gate-to-drain  breakdown  volt¬ 
age  in  which  a  two-step  gate  recess  uses  the  single  step 
gate  patterning  and  the  sequentially  selective  dry  and 
wet  etchings.  The  P-HEMT  fabricated  using  two-step 
gate  recess  exhibited  the  improved  gate  reverse  break¬ 
down  and  output  conductance  characteristics  compared 
with  those  fabricated  using  the  conventional  single  gate 
recess' 
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II.  HEMT  STRUCTURE  AND 
FABRICATION 

The  low  noise  P-HEMT  epitaxial  structure  has  been 
grown  by  using  molecular  beam  epitaxy  (MBE).  The 
cross-section  of  P-HEMT  structure  is  shown  in  Figure 
1.  An  80  nm  thick  undoped  GaAs  buffer  and  10  peri¬ 
od  AlAs-GaAs  superlattices  are  grown  on  a  3-inch  di¬ 
ameter  semi-insulating  GaAs  substrate,  followed  by  a 
600  nm  thick  undoped  GaAs  layer.  We  used  12  nm 
lRo.15Gao.85As  as  the  channel  layer.  The  Si-planar  dop¬ 
ing  layer  with  a  doping  density  of  5xl012  cm’2  is  sep¬ 
arated  from  the  active  layer  by  3  nm  thin  undoped 
Alo.24Gao.76As  spacer.  The  undoped  Alo.24Gao.76As 
Schottky  layer  was  30  nm.  Then,  the  50  nm  thick  GaAs 


GaAs  cap 

500  A 

AlGaAs  Schottky 

Si  planar  doped 

300  A 

^AlGaAs  spacer 

MX" 

InGaAs  channel  f  2DEG 

120  A 

GaAs  buffer 

6000A 

GaAs/ALAs  super  lattice 

800  A 

Semi-insulating  GaAs  substrate 

Fig.  1.  Schematic  cross-section  of  AlGaAs/InGaAs/GaAs 
pseudomorphic  HEMT  epitaxial  layers. 
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cap  layer  was  highly  doped  with  Si  of  5xl018  cm-3 
to  reduce  parasitic  resistance.  Hall  measurements  of 
P-HEMT  structure  yielded  an  electron  density  of  n5  = 
2.1  xlO12  cm”2  with  mobility  of  =6,000  cm2/V  s  at 
300  K, 

P-HEMT  devices  consisting  of  0.2  //m  gate  length  and 
100  /im  gate  width  were  fabricated  using  mix-and-match 
of  i-line  optical  stepper  and  electron-beam  lithography. 
The  ohmic  drain-to-source  distance  of  2.6  /im  with  gate- 
to-source  spacing  of  0.7  /im  was  used.  The  sequence 
for  device  fabrication  is  as  follows.  After  mesa  isolation 
by  wet  chemical  etching  in  H3PO4:H2O2:H2O=4:l:90, 
ohmic  contacts  were  formed  by  evaporating  AuGe/Ni/ Au 
metallic  layers  and  then  alloyed  at  410  °C  using  a  rapid 
thermal  annealing.  The  PMMA/P  (MAA-MAA)  bi-layer 
resists  system  was  used  to  form  the  T-shaped  gate  with 
0.2  /im  gate  length.  After  these  resists  were  exposed  by 
using  the  electron  beam  direct-writing  lithography,  the 
top  and  bottom  resists  were  developed  by  the  mixed  so¬ 
lution  of  MIBK  and  IPA.  After  patterning  the  T-shaped 
gate,  the  selective  dry  gate  recess  was  firstly  performed 
by  using  BCI3/SF6  to  precisely  control  the  recess  depth. 
Secondly,  selective  wet  gate  recess  etching  was  performed 
by  using  the  mixed  solution  of  citric  acid  and  hydrogen 
peroxide  to  obtain  lateral  gate  recess  larger  than  the  gate 
length.  Then,  Ti/Pt/Au  (0.6  /im  thick)  metal  layers  were 
deposited  with  electron-beam  evaporator  and  lifted-ofF 
with  acetone. 

III.  RESULTS  AND  DISCUSSION 

Figure  2  and  3  show  the  cross  section  of  P-HEMT  de¬ 
vices  fabricated  by  using  the  conventional  single-step  gate 
recess  and  two-step  gate  recess,  respectively.  As  shown 
in  Fig.  2,  the  etch  profile  obtained  by  single-step  gate 
recess  has  the  side-etched  separation  (Lgo)  of  35  nm  be¬ 
tween  the  gate  and  the  edge  of  etched  n+  ohmic  layer. 
But  the  etch  profile  performed  by  two-step  gate  recess 
has  the  side-etched  separation  (Lgo)  of  95  nm  between 


Fig.  2.  The  cross  section  of  P-HEMT  device  fabricated  by 
using  the  conventional  single-step  gate  recess  of  BCI3/SF6  dry 
etching. 


Fig.  3.  The  cross  section  of  P-HEMT  device  fabricated  by 
using  the  two-step  gate  recess  of  the  BCI3/SF6  dry  etching 
and  citric  acid/H2  02  wet  etching. 

the  gate  and  the  edge  of  the  n+  ohmic  layer  as  shown 
in  Fig.  3.  Therefore,  the  two-step  gate  recess  provides 
the  lateral  gate  recess  larger  than  the  gate  length  that 
is  effective  for  improving  the  gate  to  drain  breakdown 
voltage  of  P-HEMT  device. 

Figure  4  shows  the  gate-to-drain  reverse  I-V  charac¬ 
teristics  of  P-HEMT  devices  fabricated  by  using  the  two- 
step  and  conventional  single-step  gate  recesses  for  0.2 
/imxlOO  fix n  P-HEMT  device.  The  gate  to  drain  break¬ 
down  voltage  is  defined  as  the  voltage  at  which  the  gate 
current  reaches  1  mA/mm.  It  is  clear  that  the  gate-to- 
drain  breakdown  voltage  (—11.7  V)  obtained  with  the 
two-step  gate  recess  is  higher  than  that  (—8  V)  with 
conventional  single-step  gate  recess.  The  studies  for  P- 
HEMT  devices  with  the  conventional  gate  recess  reported 
breakdown  voltage  in  the  range  of  —6  to  —8  V  [7,8].  The 
improvement  of  breakdown  voltage  in  case  of  the  two-step 
gate  recess  is  attributed  to  the  large  side-etched  separa¬ 
tion  (Lgo)  of  95  nm  between  the  gate  and  the  edge  of  the 
n+  ohmic  layer  by  applying  selective  wet  etching  of  citric 
acid/H202  as  shown  in  Fig.  3.  In  contrast  to  convention- 


Fig.  4.  The  gate-to-drain  reverse  I-V  characteristics  of 
P-HEMT  devices  fabricated  by  using  the  two-step  and  con¬ 
ventional  single-step  gate  recess. 
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VDS  . 3000/d iv  (  V) 

Drain  Voltage,  V*  [V] 

Fig.  5.  Drain  current,  Ids ,  as  a  function  of  source-to-drain 
voltage,  Vds ,  for  0.2  jzmxlOO  jtm  P-HEMT  devices  fabricated 
by  using  the  conventional  single-step  gate  recess. 

al  double  recess  process  that  requires  two  gate  lithogra¬ 
phy  steps  [8],  the  current  two-step  recess  eliminated  a 
lithography  step  and  the  critical  alignment  by  using  only 
a  single  gate  lithography  step,  thereby  effectively  improv¬ 
ing  gate  recess  process  to  increase  the  breakdown  voltage 
in  low  noise  P-HEMT  devices. 

Figure  5  shows  drain  current  as  a  function  of  source-to- 
drain  voltage  (Vds)  for  0.2  //mxlOO  fim  P-HEMT  devices 
fabricated  by  using  the  conventional  single-step  gate  re¬ 
cess.  As  shown  in  Fig.  5,  P-HEMT  devices  exhibit  a  leak¬ 
age  current  (2.4  fiA)  in  pinch-off  region  for  drain  voltage 
of  3  V  and  gate  voltage  of  -2.5  V.  For  P-HEMT  de¬ 
vices  fabricated  by  using  the  two-step,  gate  recess,  the 
typical  I-V  characteristics  are  shown  in  Fig.  6.  It  ex¬ 
hibits  a  very  small  leakage  current  (0.4  fiA)  in  pinch-off 
region  for  drain  voltage  of  3  V  and  gate  voltage  of  —2.5 
V.  This  very  small  leakage  characteristics  result  from  the 
large  separation  (Lgo)  of  95  nm  between  the  gate  and 


VDS  . 3000/d iv  (  V) 

Drain  Voltage,  V^  [V] 

Fig.  6.  Drain  current,  Ids ,  as  a  function  of  source-to-drain 
voltage,  Vds ,  for  0.2  /xmxlOO  fim  P-HEMT  devices  fabricated 
by  using  the  two-step  gate  recess. 
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the  edge  of  the  etched  n+  ohmic  layer  formed  by  using 
two-step  gate  recess  as  shown  in  Fig.  3.  Also,  the  output 
conductance  ( gmo )  for  the  P-HEMT  recessed  with  the 
two-step  gate  recess  is  19  mS/mm  while  the  P-HEMT 
fabricated  with  the  conventional  gate  recess  exhibited  a 
gmo  of  30  mS/mm  as  calculated  from  Fig.  5  and  6.  It 
is  noticed  that  the  improvement  in  gmo  is  achieved  with 
only  slight  degradation  in  drain  current  when  comparing 
the  two-step  gate  recessed  P-HEMT  to  the  convention¬ 
al  gate  recess.  For  0.2  /imxlOO  fim  P-HEMT  recessed 
by  using  the  conventional  single-step  dry  etching,  the  ex¬ 
trinsic  transconductance  (gm)  and  drain  current  (Ids)  as 
a  function  of  source- to-gate  voltage  (V^)  are  shown  in 
Fig.  7.  The  threshold  voltage  (Vth)  is  defined  by  a  linear 
extrapolation  of  the  square  root  of  drain  current  versus 
gate  voltage  to  zero  current.  Vth  was  measured  as  —0.72 
V  at  Vds= 2  V.  And  the  maximum  gm  was  measured  as 
470  mS/mm  at  Vgs=  0.1  V  and  Vds=  2  V.  Figure  8  shows 
the  extrinsic  gm  and  drain  Ids  as  a  function  of  Vgs  for  0.2 
fi m  x  100  fim  P-HEMT  recessed  by  using  the  two-step  dry 


Gate  Voltage[VI 

Fig.  7.  The  extrinsic  transconductance  (gm)  and  drain  cur¬ 
rent  (Ids)  as  a  function  of  source- to-gate  voltage  (VffS)  for  0.2 
/imxlOO  fim  P-HEMT  fabricated  by  using  the  conventional 
single-step  dry  etching. 
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Fig.  8.  The  extrinsic  transconductance  (gm)  and  drain  cur¬ 
rent  (Ids)  as  a  function  of  source-to-gate  voltage  (V^s)  for  0.2 
jtmxlOO  jim  P-HEMT  fabricated  by  using  the  two-step  gate 
recess. 
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etching.  It  exhibits  that  the  Vth  and  maximum  gm  are  is 
-0.67  V  and  460  mS/mm,  respectively.  The  value  of  gm 
obtained  in  the  two-step  dry  etching  is  a  little  less  than 
that  in  the  case  of  single-step  gate  recess.  The  slight  re¬ 
duction  in  gm  shown  in  the  two-step  recessed  P-HEMT 
is  attributed  to  the  increased  source  resistance  that  was 
caused  by  the  large  side-etching  of  ohmic  layer  on  the 
source  side  of  the  gate'  using  the  two-step  gate  recess 
etching. 


ing  gate  recess  process  to  increase  the  breakdown  voltage 
in  low  noise  P-HEMT  devices. 
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The  electrical  characteristics  of  semiconductor  devices  are  largely  governed  by  the  properties  of 
the  semiconductor  surface.  ZnTe  is  proposed  as  the  passivation  material  for  the  surface  of  CdTe 
which  is  widely  used  for  the  solar  cells,  the  substrates  of  the  Hgi_xCdxTe,  and  the  high-energy 
detectors.  By  the  method  of  e-beam  evaporation,  ZnTe  has  been  deposited  onto  the  CdTe  surface 
which  is  treated  by  suitable  etching  solution  to  prepare  the  better  surface  state  for  the  deposition. 
Because  of  6.2  %  lattice  mismatch  between  ZnTe  and  CdTe,  the  interface  structure  of  ZnTe/CdTe 
heterostructure  should  be  of  inferior  quality,  thus  thermal  annealing  process  is  required  to  reduce  the 
imperfection  of  the  interfacial  structure.  The  change  of  ZnTe/CdTe  interface  has  been  analyzed  by 
the  photoluminescence  and  X-ray  diffraction.  In  this  study,  the  suitable  thermal  annealing  condition 
is  accomplished  to  obtain  better  interface  state  of  ZnTe/CdTe  structure.  Also  this  results  have  been 
estimated  by  the  photoluminescence  study. 


I.  INTRODUCTION 

The  surface  preparation  of  the  semiconductor  is  one  of 
the  most  important  processes  for  the  device  fabrication. 
In  general  the  surface  plays  a  major  role  in  device  perfor¬ 
mance.  After  the  surface  treatments,  i.e.,  polishing  and 
chemical  etching,  for  example,  the  surface  passivation  of 
the  semiconductor  plays  an  important  role  of  minimizing 
the  leakage  current  [1,2].  It  is  needed  also  to  prevent  in¬ 
determinate  and  progressive  chemical  changes  to  the  sur¬ 
face  structure.  ZnS  and  Cdi_rZnrTe  have  been  studied 
as  materials  used  for  CdTe  surface  passivation.  Recent¬ 
ly  ZnTe  has  been  proposed  as  the  alternative  candidate 
for  the  passivant  of  the  CdTe  surface,  since  CdTe  is  the 
wide  bandgap  materials,  which  have  been  widely  used  for 
the  optical  fibers,  the  solar  cells,  and  the  high-energy  de¬ 
tectors.  Some  researchers  are  interested  in  the  study  of 
ZnTe/CdTe  superlattice  and  ZnTe/CdTe  structure  as  a 
back-contact  interface  layer  for  thin  film  CdS/CdTe  solar 
cells.  But  ZnTe/CdTe  heterostructures  have  been  hardly 
researched  for  the  optical  characteristics,  e.</.,  photolu¬ 
minescence,  optical  absorption,  etc.  In  this  study  we  will 
propose  the  process  to  improve  the  property  of  the  in¬ 
terface  state  of  ZnTe/CdTe  heterostructure.  Because  of 
the  large  difference  of  the  lattice  constants  between  ZnTe 
(6.1037  A)  [3]  and  CdTe  (6.481  A)  [4],  the  interface  state 
of  ZnTe/CdTe  heterostructure  should  be  of  inferior  qual¬ 
ity.  The  surface  of  CdTe  prior  to  passivation  has  been 
etched  by  different  etching  solutions.  Then  the  differ¬ 
ences  of  the  etched  surfaces  are  compared  with  each  oth¬ 
ers  by  atomic  force  microscopy  (AFM)  and  photolumi¬ 


nescence  (PL)  methods.  The  thermal  annealing  process¬ 
es  have  been  performed  to  improve  the  inferior  interface 
qualities  caused  by  the  large  lattice  mismatch  between 
ZnTe  and  CdTe.  The  changes  of  ZnTe/CdTe  interface 
states  are  compared  with  each  others  by  photolumines¬ 
cence  and  x-ray  diffraction  methods. 

II.  EXPERIMENTAL 

Single  crystal  of  CdTe  has  been  grown  by  the  vertical 
Bridgman  method.  The  purity  of  cadmium  and  telluri¬ 
um  used  in  this  study  is  99.9999  %.  ZnTe  source  material 
to  be  deposited  onto  the  surface  of  CdTe  has  been  syn¬ 
thesized  by  the  vertical  Bridgman  method  and  then  it 
has  been  zone-refined  several  times.  The  surface  of  CdTe 
is  treated  as  the  followings;  mechanical  polishing  with 
AI2O3  powder-D.I.  water  and  then  the  chemical  polish¬ 
ing  with  1  %  bromine-ethylene  glycol  solution  [5].  Af¬ 
ter  chemical  polishing,  the  surface  of  CdTe  is  chemically 
etched  by  two  different  etching  solutions  during  30  sec. 
One  is  2  %  Br-methanol  (BM)  solution  and  the  other  is  2 
%  Br-ethylene  glycol  solution  containing  20  %  Lactic  acid 
(BLE).  After  these  etching  processes,  the  data  of  the  PL 
and  AFM  for  the  surface  states  of  CdTe  are  compared. 

'  ZnTe  has  been  deposited  on  the  p-CdTe  (111)  plane  by 
the  e-beam  evaporator.  The  thicknesses  of  the  deposited 
ZnTe  layers  are  in  the  range  of  1000  to  4000  A.  The  depo¬ 
sition  rates  are  0.2  A/sec  from  the  initial  to  500  A,  and 
1  A/sec  from  500  A  to  the  final.  The  thermal  anneal¬ 
ing  of  the  ZnTe/CdTe  structures  are  performed  in  the 
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range  between  500  and  600  °C  in  vacuum  state  about 
10-6  Ton.  After  these  treatments,  the  optical  properties 
of  the  interface  of  ZnTe/CdTe  heterostructures  are  com¬ 
pared  with  the  results  of  the  photoluminescence  measure¬ 
ments.  The  instruments  used  to  measure  the  PL  spectra 
are  composed  of  the  JANIS  cryostat  (cooling  tempera¬ 
tures:  77  K,  4  K),  INNOVA  300  Ar+-ion  laser  (514.5  nm 
light  source),  Da-78 1-IR  PMT  (the  detection  range:  300 
to  1100  nm),  and  AM  506  ARC  spectrophotometer  (600 
groove/mm  grating).  The  power  intensity  of  laser  source 
is  250  mW/cm2.  The  surface  morphology  was  analyzed 
by  the  AFM  (AFM  BFD-B2,  Park  scientific  Inc).  The 
scanning  range  is  3x3  pm2  and  the  spectroscopy  scan 
rate  is  0.2  Hz.  The  crystallinity  and  crystal  structure 
of  the  interface  of  ZnTe/CdTe  structure  have  been  mea¬ 
sured  by  X-ray  diffraction  (Rigaku  Co.). 

III.  RESULTS 

1.  CdTe  Surface  Preparation 

In  the  figure  1,  the  changes  of  the  relative  peak  inten¬ 
sities  by  the  different  etching  conditions  are  shown.  The 
ratio  of  the  intensity  of  defect  emission  to  the  intensity 
of  edge  emission  in  the  PL  spectra  depend  on  the  sur¬ 
face  states  of  the  etched  CdTe.  The  intensities  of  the 
DAP  band  in  the  etched  surfaces  are  lower  than  those 
in  unetched  surface.  The  PL  spectra  at  4  K  were  mea¬ 
sured  to  examine  the  changes  of  the  DAP  bands  in  detail 
(Fig.  2).  When  the  values  of  the  FWHM  of  the  neu- 
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Fig.  1.  The  PL  spectra  at  80  K  of  the  CdTe  etched  by 
two  different  etching  solutions,  (a)  chemical  polishing  and 
no-etching,  (b)  2  %  Br-methanol  (BM)  solution,  (c)  2  % 
Br-ethylene  glycol  solution  containing  20  %  latic  acid  (BLE). 


Wavelength  (nm) 

Fig.  2.  The  PL  spectra  at  4  K  of  the  CdTe  etched  by  two 
different  etching  solutions,  (a)  shows  bound  exciton  and  DAP 
emissions,  (b)  shows  that  deep  level  DAP  emissions  of  CdTe 
in  the  case  of  BLE  etchant  decreases  dominantly. 

tral  acceptor  bound  exciton  peak  ( A °,  X)  in  1.583  eV 
are  compared  with  each  others,  the  case  of  BLE  solution 
has  more  smaller  value  than  others,  z.e.,  the  values  of 
the  FWHM  are  13.1  meV  for  the  case  of  no-etched,  8.8 
meV  for  the  case  of  BM  etching,  and  8.1  meV  for  the 
case  of  BLE  etching  (Fig.  2(a)  and  Table  1).  And  the 
intensity  of  DAP  band  dominantly  decreases  in  the  case 
of  BLE  solution  among  the  others  (Fig.  2(b)).  Bromine 
in  the  etching  solution  can  selectively  remove  the  cadmi¬ 
um  in  the  CdTe  surface.  Thus  this  removal  makes  Te4+ 
ions  rich  in  the  CdTe  surface  after  the  chemical  etching. 
This  is  the  origin  of  being  more  Cd  vacancies,  which  act 
as  the  surface  trap  states,  in  the  CdTe  surface  than  in 
the  CdTe  bulk  [6,7].  It  can  be  predicted  that  the  CdTe 
surface  etched  by  BLE  solution  contains  the  smaller  ac¬ 
ceptor  centers  in  the  bandgap  rather  than  those  by  other 
etching  solution. 
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Fig.  3.  AFM  results  about  the  surface  morphology  of  CdTe. 
The  surface  roughnesses  are  3.483  nm  in  the  case  of  no-etching 
in  (a),  3.719  nm  in  the  case  of  2  %  Br-methanol  solution  in  (b), 
and  0.278  nm  in  the  case  of  2  %  Br-ethylene  glycol  solution 
containg  20  %  latic  acid  in  (c). 

This  is  confirmed  by  examining  the  surface  morphology 
through  the  AFM  measurement  as  shown  in  the  figure 
3.  It  can  be  seen  in  the  figure  that  the  CdTe  surface 
roughness  is  much  smaller  in  the  case  of  BLE  etching 
than  in  the  other  cases,  i.e.,  the  surface  roughness  are 
0.278  nm  in  the  case  of  BLE  etched,  3.719  nm  in  the  case 
of  BM  etched,  and  3.483  nm  in  the  case  of  no-etched. 
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Fig.  4.  The  PL  spectra  at  77  K  of  ZnTe/CdTe  structure 
according  to  thickness  of  ZnTe. 
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Fig.  5.  The  PL  spectra  at  4  K  of  ZnTe/CdTe  heterostruc¬ 
ture  according  to  the  thickness  of  ZnTe. 

Table  1  displays  the  PL  and  AFM  results  according  to 
the  surface  treatment  of  CdTe. 

2.  The  PL  characteristics  of  ZnTe/CdTe  het¬ 
erostructure 

Figure  4  shows  the  PL  spectra  at  77  K  in  the  cases 
of  different  thickness  of  ZnTe  layer  deposited  onto  the 


Table  1.  The  results  of  PL  and  AFM  of  CdTe  etched  by  two  different  etching  solutions. 

Etchant 

(A°,  X) 

DAPs  (ZPL) 

DAPd  (ZPL) 

I  (DAPs) 

I  (DAPd)  FWHM  (A°,  X) 

Surface 

(eV) 

(eV) 

(eV) 

/I  (A°,  X) 

/I  (A°,  X) 

(meV) 

roughness  (nm) 

No  etching 

1.583 

1.467 

0.346 

0.041 

13.1 

3:483 

BM  sol. 

1.583 

1.469 

0.151 

0.040 

8.8 

3.719 

BLE  sol. 

1.583 

1.570 

1.470 

0.069 

0.025 

8.1 

0.278 
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surface  of  CdTe.  As  the  ZnTe  layer  is  thicker,  the  peak 
intensity  of  band  edge  emission  of  CdTe  (1.576  eV)  de¬ 
creases.  This  informs  the  change  of  the  crystallinity  of 
the  ZnTe  layer  deposited  on  the  surface  of  CdTe  and  the 
formation  of  the  interface  of  ZnTe/CdTe.  To  analyze  this 
effect,  the  PL  spectra  at  4  K  have  been  measured  in  the 
cases  of  2000  and  4000  A  thickness  of  ZnTe  layer  (Fig.  5). 
The  peak  of  the  neutral  acceptor  bound  exciton  ( A 0 ,  X) 
which  has  a  high  intensity  is  observed  in  1.586  eV  and 
the  peak  of  the  neutral  donor  bound  exciton  (D° ,  X) 
which  has  a  low  intensity  is  observed  in  1.574  eV  with 
bare  CdTe  (ZnTe  undeposited).  This  means  that  CdTe 
has  p-type  conductivity.  The  deep  level  DAP  emission 
occurs  in  the  range  between  1.424  and  1.543  eV.  This  is 
originated  by  the  acceptor  centers  formed  by  the  Cd  va¬ 
cancy  (Vcd)  [6,7]-  In  the  case  of  ZnTe  deposited  CdTe, 
PL  spectra  give  the  shallow  level  DAP  emission  at  1.543 
eV,  meaning  that  sodium  (Na)  acceptors  from  the  zinc 
and  shallow  donors  make  the  shallow  level  DAP  emission 
[8].  The  zero  phonon  line  (ZPL)  of  deep  level  DAP  emis¬ 
sion  is  intensively  shown  at  1.478  eV,  formed  by  many 
Zn  vacancies  (Vzn)-  This  indicates  that  the  ZnTe  layer 
formed  on  the  surface  of  CdTe  should  have  very  incom¬ 
plete  composition  because  of  Zn  vacancy.  This  incom¬ 
plete  ZnTe  layer  may  be  formed  in  process  of  the  e-beam 
deposition.  In  the  evaporation  of  ZnTe  by  the  e-beam, 
the  high  energy  of  e-beam  broke  the  bond  of  ZnTe  and 
then  the  difference  of  the  partial  pressure  between  Zn  and 
Te  made  the  non-stoichiometry  of  ZnTe  layer  [9,10].  But 
the  intensity  of  deep  level  DAP  emission  formed  by  Cd 
vacancy  (Vcd)  dominantly  decreased  because  Zn  filled 
the  site  of  Cd  vacancy  during  the  deposition  process  of 
ZnTe  layer  onto  the  surface  of  CdTe. 

From  the  PL  spectra  at  77  K  in  the  case  of  2000  A  thick 
ZnTe/CdTe,  the  effects  about  the  thermal  annealing  at 
various  temperatures  are  revealed  (Fig.  6).  In  the  PL 
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Fig.  6.  The  PL  spectra  at  77  K  of  ZnTe/CdTe  structure 
thermally  annealed  with  different  temperatures  (the  thickness 
of  ZnTe  is  2000  A). 


spectra,  PI  peak  (1.570  eV)  and  El  band  indicate  the 
edge  emission  of  CdTe  and  the  defect  emission,  respec¬ 
tively.  In  the  as-deposited  ZnTe/CdTe  PL  spectra,  El 
band  disappears  and  E2  band  is  formed  because  Zn  of 
ZnTe  layer  fills  Cd  vacancy  of  CdTe  surface.  Thus  the 
crystal  defects  by  Cd  vacancy  are  decreased  and,  there¬ 
fore,  El  band  is  disappeared.  However,,  the  occurrence 
of  Zn  vacancy  of  ZnTe  layer  in  process  of  evaporation 
makes  the  increase  of  deep  level  acceptor  center,  forming 
E2  band  by  the  DAP  emission  from  ZnTe  layer. 

To  improve  the  quality  of  the  ZnTe/CdTe  interface, 
ZnTe/CdTe  structures  have  been  thermally  annealed 
at  each  different  temperatures.  The  changes  of  the 
ZnTe/CdTe  structures  have  been  investigated  by  mea¬ 
suring  the  PL  and  XRD.  From  the  PL  measurements,  it 
is  found  that  the  intensity  of  E2  band  is  dominantly  in¬ 
creased  after  the  thermal  annealing  at  500  °C  for  1  hour. 
In  the  case  of  heavily  doped  semiconductors,  deep  level 
DAP  emission  band  is  largely  increased.  As  the  impu¬ 
rity  concentration  is  increased,  the  spectral  components 
begin  to  merge  into  a  single  broader  emission  line.  At 
this  annealing  condition,  Cd  were  largely  diffused  into 
surface  through  the  interface.  And  then  Cd. impurities 
in  the  interface  and  ZnTe  layer  were  increased,  so  that 
the  E2  band  might  be  largely  grown  in  intensity  [11].  In 
the  case  of  the  thermal  annealing  at  550  °C  for  1  hour, 
E2  band  is  abruptly  decreased  and  E3  band  begins  to  be 
formed.  ZnTe/CdTe  structure  might  be  in  the  transition 
process  of  significantly  changing  in  the  interfacial  struc¬ 
ture,  as  confirmed  by  the  XRD  results  shown  in  figure 
8.  CdZnTe  poly  crystalline  region  is  appeared  obviously 
from  the  XRD  results.  Thus  it  can  be  inferred  that  at  this 
thermal  annealing  condition,  CdZnTe  poly  crystal  having 
more  various  Zn  composition  is  to  be  spread  from  the  in¬ 
terface  to  the  surface.  At  the  other  annealing  condition 
of  600  °C  for  1  hour,  the  new  interfacial  compound  is 
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Fig.  7.  The  PL  spectra  at  77  K  of  ZnTe/CdTe  structure 
thermally  annealed  at  600°C  according  to  two  different  an¬ 
nealing  times,  i.e.,  1  hour  and  2  hours. 
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cleanly  formed  at  the  interface  of  ZnTe/CdTe  structure. 
Thus  E2  band  is  dominantly  increased  and  P2  peak  is 
appeared.  Because  of  the  interdiffusion  of  Zn  and  Cd 
through  the  suitable  thermal  fluctuation,  CdZnTe  could 
be  almost  recrystallized.  To  improve  the  crystallinity,  it 
makes  ZnTe/CdTe  structure  annealed  for  2  hours.  In  the 
figure  7,  it  can  be  seen  that  the  crystallinity  of  the  in¬ 
terfacial  compound,  CdZnTe,  is  surely  improved.  It  is 
known  that  the  P2  peak  is  concerned  with  the  band  edge 
emission  of  Cdi_xZnxTe  and  that  the  composition  of  zinc 
in  the  interface  structure  is  approximately  0.25. 

The  band  shift  from  E3  to  E2  in  the  figure  7  can  be 
explained  by  the  equation  (1).  The  recombination  energy 
of  pair  band  luminescence  is  given  by  the  equation 

e2 

hv  =  Eg  —  ( Ea  +  Ejy)  +  (1) 

where  Eg  is  the  bandgap  energy,  r  is  the  separation  be¬ 
tween  the  impurities,  and  K  is  the  dielectric  constant. 
This  equation  tells  that  if  r  is  increased,  luminescence 
shifts  to  higher  energy  and  vice  verse.  In  the  case  of 
E3  band,  Cd  diffused  from  CdTe  bulk  to  interface  may 
be  easily  located  at  interstitial  sites,  and  if  the  anneal¬ 
ing  temperature  is  increased,  the  interstitial  Cd  will  be 
re-organized  to  be  located  in  the  Zn  Vacancy  or  Te  sub¬ 
stitution.  As  r  is  decreased,  luminescence  shifts  to  lower 
energy,  this  is  the  origin  of  the  shift  in  luminescence  from 
E3  band  to  E2  band  [11]. 

3.  X-ray  Diffraction  of  ZnTe/CdTe  Heterostructure 

In  order  to  confirm  the  results  of  PL  spectra  of  the 
ZnTe/CdTe  structure,  the  X-ray  diffraction  patterns 
have  been  measured  at  the  different  annealing  temper¬ 
atures.  As  shown  in  figure  8  and  figure  9,  as-deposited 


angle  (20) 

Fig.  8.  The  XRD  results  of  the  ZnTe/CdTe  structure  from 
(111)  plane  according  to  different  annealing  temperature. 
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Fig.  9.  The  XRD  results  of  the  ZnTe/CdTe  structure  from 
(333)  plane  according  to  different  annealing  temperatures. 

ZnTe  layer  is  formed  in  polycrystal  onto  the  surface  of 
CdTe.  The  structure  of  ZnTe/CdTe  interface  is  being 
gradually  transformed  into  new  interfacial  compound  of 
CdZnTe  polycrystal  with  increasing  the  annealing  tem¬ 
perature.  Figure  9  shows  the  results  of  XRD  from  (333) 
plane  of  ZnTe/CdTe.  As  shown  in  the  figure  9,  in  the 
case  of  500  °C  annealing  condition,  the  borad  peak  ap¬ 
pears  about  77  arcsec  by  CdZnTe  poly  crystalline  layer, 
meaning  that  the  CdZnTe  polycrystal  is  newly  formed  in 
the  ZnTe/CdTe  interface.  In  the  case  of  550  °C  anneal¬ 
ing  condition,  the  XRD  peak  of  CdZnTe  polycrystalline 
layer  becomes  widely  spread  as  shown  in  figure  8.  These 
results  can  be  seen  that  the  interfacial  compound  is  not 
completely  recrystallized,  thus,  in  the  CdZnTe  poly  crys¬ 
talline  layer,  there  might  be  gradual  distribution  in  Zn 
component.  In  the  case  of  600  °C  annealing  condition, 
however,  the  peaks  of  CdZnTe  layer  in  the  figure  8  and 
figure  9  indicates  that  CdZnTe  polycrystalline  layer  is  to 
be  nearly  recrystallized.  It  is,  therefore,  concluded  that 
the  interfacial  compound  of  ZnTe/CdTe  structure  could 
be  recrystallized  to  nearby  composition  by  the  thermal 
annealing  condition. 

IV.  CONCLUSIONS 

Fixed  charges  Te4+,  which  act  as  surface  trap  states 
in  the  surface  of  CdTe,  have  been  occurred  by  the  etch¬ 
ing  the  CdTe  surface.  This  is  the  reason  for  appear¬ 
ing  many  Cd  vacancies  (Vcd)  in  the  surface  which  acts 
deep  level  acceptor  center  in  the  bandgap.  Cd  vacancy 
makes  the  zero  phonon  line  of  deep  level  DAP  emission 
at  1.469  eV  in  the  PL  spectra.  These  Te4"1"  are  dominant¬ 
ly  decreased  by  etching  the  CdTe  surface  with  the  BLE 
solution  rather  than  the  BM  solution,  thus  the  phonon 
replica  of  this  ZPL  by  the  interaction  between  the  lattice 
defects  in  the  CdTe  surface  can  be  decreased.  These  can 
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be  confirmed  by  the  surface  morphology  through  AFM 
measurements.  It  is  concluded  that  the  interfacial  com¬ 
pound  of  ZnTe/CdTe  heterostructure  can  be  the  more 
stable  structure  being  less  spread  in  Zn  composition  by 
the  suitable  thermal  annealing  condition.  By  the  thermal 
annealing  at  600  °C  for  1  hour,  the  Cdi_xZnrTe  poly¬ 
crystalline  structure  is  to  be  more  stable  Zn  composition, 
x=0.25,  in  the  interface  of  ZnTe  and  CdTe.  It  is  found, 
in  this  study,  that  the  photoluminescence  analysis  gives 
an  information  on  the  structural  variation  of  ZnTe/CdTe 
heterostructure  by  the  thermal  annealing. 
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Moderately  strained  Zni_xCdxSe  layers  grown  by  molecular  beam  epitaxy  (MBE)  on  the 
GaAs(llO)  surfaces  obtained  by  cleaving  in  ultrahigh  vacuum  (UHV)  produced  A-shaped  ridge 
structures  parallel  to  the  [1 1 0]  direction  together  with  pyramidal-shaped  islands  as  a  result  of  the  in¬ 
homogeneous  in-plane  strain  relaxation.  CdSe/Zni_xCdxSe  quantum  wire  (QWR)  array  structures 
were  fabricated  on  the  GaAs(llO)  surface  utilizing  such  ridges.  Regularly  corrugated  CdSe  active 
layer  grown  on  the  Zni_xCdxSe  ridges  of  the  lower  cladding  layer  caused  quasi-one-dimensional 
structures.  The  photoluminescence  (PL)  peak  at  2.44  eV  from  the  samples  showed  strong  polariza¬ 
tion  characteristics  of  (///[no]//±[uo])  =  3.6  due  to  the  quasi-one-dimensional  quantum  confinement 
effect.  Sharp  PL  peak  (FWHM  of  10  meV)  of  QWRs  was  observed  when  the  active  layer  was  selec¬ 
tively  excited.  Moreover,  sharp  photoluminescence  excitation  (PLE)  spectra  also  reveals  that  the 
broadness  of  PL  is  due  to  the  inhomogeneous  effect  as  a  result  of  size  fluctuation  of  QWR  structures. 


I.  INTRODUCTION 

In  recent  years,  there  has  been  great  interest  in  the 
research  of  the  one-dimensional  semiconductor  nanos¬ 
tructures  because  of  their  novel  physical  properties  and 
promising  potential  applications  for  optoelectronic  de¬ 
vices  [1—4].  The  optoelectronic  devices  such  as  laser 
diodes  and  high  speed  detectors  are  expected  to  have 
much  enhanced  operation  characteristics  when  active  lay¬ 
ers  composed  of  quantum  wells  (QWs)  are  replaced  by 
quantum  wires  (QWRs)  [2].  These  advantages  are  pri¬ 
marily  related  to  the  narrow  density-of-states  of  the  one¬ 
dimensional  structures,  where  the  quantized  energy  levels 
of  electrons  and  holes  occur  in  two  transverse  directions. 
This  leads  extremely  low  threshold  current  and  high  tem¬ 
perature  stability  in  laser  diode  [3].  Furthermore,  the 
narrowing  of  the  density  of  state  will  yield  potential¬ 
ly  enhanced  non-linear  optical  effect  due  to  the  phase- 
space  filling  of  carriers  and  the  polarization  property  [4]. 
Such  non-linear  optical  properties  are  applicable  in  opti¬ 
cal  communications  that  involve  switching,  amplification, 
and  signal  processing. 

For  the  realization  of  high  quality  quantum  structures, 
various  techniques  including  the  self-formation  during 
the  growth  and  the  patterning  of  two-dimensional  quan- 
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turn  well  structures  have  been  suggested  and  demonstrat¬ 
ed  [5—7].  However,  since  the  II- VI  compound  semicon¬ 
ductors  have  small  exciton  volumes  and  brittle  natures, 
conventional  lithographic  methods  are  not  appropriate 
for  the  materials  to  obtain  sufficient  quantum  confine¬ 
ment  effects  and  low  interface  defects  of  the  quantum 
structures.  Therefore,  in-situ  fabrication  methods  are 
promising  for  the  formation  of  II- VI  compound  semicon¬ 
ductor  quantum  structures  because  the  self-formed  quan¬ 
tum  structures  have  low  density  of  interface  defects,  good 
optical-  and  electrical-properties. 

In  this  study,  we  propose  a  new  fabrication  methods 
of  CdSe/Zni_rCdrSe  QWR  array  structures  as  an  orig¬ 
inal  and  simple  method  using  the  self-organization  tech¬ 
nique.  QWR  structures  were  naturally  formed  onto  the 
GaAs(llO)  cleaved  surface  during  the  molecular  beam 
epitaxy  (MBE).  By  utilizing  the  unique  self-organization 
phenomena  of  Zni_xCdxSe  strained  layer  on  GaAs(llO) 
surface,  i.e.  A-shaped  ridge  structures  oriented  to  the 
[110]  direction  were  formed  in  the  moderately  strained 
Zni-arCd^Se  layers,  QWRs  were  produced  without  any 
minute  process. 

II.  SAMPLE  STRUCTURE  AND 
PREPARATION 

QWR  structures  were  formed  on  the  GaAs(llO)  crys- 
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Fig.  1.  Schematic  diagram  of  CdSe/Zni_xCdxSe  QWR 
structures  fabricated  on  the  GaAs(llO)  surface.  The  corru¬ 
gated  active  layer  produces  the  quasi-one-dimensional  quan¬ 
tum  waveguides  on  the  top  and  troughs  of  the  ridges.  Circles 
in  the  figure  represent  the  position  of  QWRs. 


tal  surface  cleaved  in  ultra  high  vacuum  (UHV).  As  dis¬ 
cussed  in  our  previous  study,  A-shaped  ridge  structures 
are  naturally  formed  on  GaAs(llO)  surface  along  the 
[110]  direction  during  the  growth  of  Zni_xCdxSe  layers 
due  to  the  strong  anisotropic  in-plane  strain  relaxation 

[8] .  The  QWR  structures  were  fabricated  utilizing  such 
ridges.  Figure  1  illustrates  the  schematic  diagram  of  the 
fabricated  CdSe/Zni_xCdxSe  QWR  structures.  It  is  ex¬ 
pected  that  the  regularly  corrugated  well  layer  in  QW 
result  in  a  regular  modulation  of  well  thickness  of  QW 

[9] .  As  a  result,  the  corrugated  active  layer  produces  the 
quasi-one-dimensional  quantum  wave-guide,  i.e.  the  for¬ 
mation  of  QWR  structures,  on  the  top  and  troughs  of 
the  ridges. 

Zno.91Cdo.09Se  lower  cladding  layer  of  120  nm  in  thick¬ 
ness  was  used  for  the  formation  of  QWRs.  CdSe  ac¬ 
tive  layer  of  1.0  nm  in  thick  (5  monolayers;  MLs)  and 
Zno.91Cdo.09Se  capping  layer  were  successively  grown  on 
the  surface  of  the  Zno.91Cdo.09Se  lower  cladding  layer. 
Typical  growth  conditions  were  as  follows:  the  growth 
temperature  of  250  °C,  the  equivalent  bearp  pressure  ra¬ 
tio  p(VI)/p(II)  of  1.0  which  was  measured  by  an  ion  gauge 
at  the  position  of  substrate,  and  the  growth  rate  of  0.1 
/im/hr.  The  thickness  of  the  layers  was  estimated  by 
the  growth  rate.  The  details  of  the  experimental  ap¬ 
paratus  and  cleaved  edge  overgrowth  process  has  been 
described  in  elsewhere  [10,11].  Ridge  structures  were  ob¬ 
served  by  atomic  force  microscopy  (AFM).  AFM  mea¬ 
surements  were  performed  in  air  within  30  minutes  after 
the  growth,  using  Si3N4  cantilever  with  a  spring  constant 
of  0.1  N/m  and  a  resonant  frequency  of  10  kHz.  The 
spatial  resolution  of  the  AFM  (Seiko  SPI  300)  is  0.01  nm 
in  z-axis.  Constant  force  mode  was  used  in  AFM  obser¬ 
vation.  No  phase  contrast  and  filtering  of  spatial  image 
were  used. 


III.  RESULTS  AND  DISCUSSION 


Fig.  2.  AFM  observation  of  Zno.70Cdo.30Se  grown  on  the 
GaAs(llO)  surface  obtained  by  cleaving  in  UHV.  Top  and 
side  view  images  of  120  nm  thick  Zni_xCdxSe  layer.  The 
observed  area  is  3  /jmx3  /zm.  Average  width  and  height  of 
the  ridge  structures  are  600  nm  and  40  nm,  respectively. 


The  surface  feature  of  lower  cladding  layer  was  investi¬ 
gated  by  AFM  observation.  Figure  2  shows  the  AFM 
images  of  Zno.91Cdo.09Se  lower  cladding  layer  without 
CdSe  active  and  Zn0.91Cd0.09Se  capping  layers.  As  shown 
in  the  figure,  A-shaped  ridges  directed  toward  [In¬ 
direction  were  covered  whole  surface  with  good  unifor¬ 
mity  together  with  island  structures  with  low  density  of 
~108  cm-2.  The  ridges  have  average  width  of  600  nm 
and  height  of  40  nm.  Those  ridges  are  extremely  long  to 
be  formed  across  from  the  one  end  to  the  another  end  of 
the  substrate. 

Figure  3  represents  the  dependence  of  ridge  shape  on 
the  Cd  compositions  of  Zni_xCdxSe  layer.  Solid  and 
dotted  lines  represent  the  ridge  width  and  height  with 
various  Cd  compositions,  respectively.  When  Cd  compo¬ 
sition  is  larger  than  40  %,  the  ridge  structures  did  not 
formed  at  all  and  no  QWRs  were  observed  but  produced 
Stranski-Krastanow  type  island  structures.  In  particu¬ 
lar,  when  Cd  composition  is  less  than  20  %,  clear  ridge 
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Fig.'  3.  The  evolution  of  ridge  structures  of  the  Zni-^Cd^Se 
layers  with  the  various  Cd  compositions.  The  nominal  thick¬ 
ness  of  the  layers  is  120  nm.  No  ridge  structures  except  the 
islands  were  observed  when  the  layer  had  larger  Cd  composi¬ 
tion  than  40  %. 


structures  were  appeared  on  the  surface.  As  the  Cd  com¬ 
position  decreased  the  density  of  ridges  decreased.  These 
properties  imply  that  size  and  density  of  QWRs  can  be 
controlled  by  the  Cd  concentration  of  the  lower  cladding 
layer. 

Figure  4  shows  optical  properties  of  the  fabricated 
QWR  samples.  For  the  selectively  excited  photolumines¬ 
cence  (PL)  and  in-plane  polarization  dependent  measure¬ 
ments,  the  emission  spectra  were  detected  with  a  cooled 
charge  coupled  device  (CCD)  in  conjunction  with  50  cm- 
monochrometer.  Figure  3(a)  shows  the  selectively  excit¬ 
ed  PL  spectra.  Xe  lamp  with  monochrometer  was  used 
for  the  excitation  light  source.  When  the  Zno.91Cdo.09Se 
cladding  layer  was  selectively  excited,  quite  broad  peak 
(100  meV  of  FWHM  value)  was  observed  around  2.4  eV. 
On  the  contrary,  when  the  active  layer  was  selectively 
excited  by  the  light  energy  of  2.465  eV,  sharp  peak  (at 
2.445  eV)  with  30  meV  of  FWHM  value  was  observed 
at  the  lower  energy  side  of  20  meV  from  the  excitation 
energy.  This  narrowing  phenomena  of  the  PL  spectra  in¬ 
dicates  that  the  broadness  of  the  PL  spectrum  obtained 
by  the  excitation  of  cladding  layer  is  composed  of  the 
sharp  peaks  from  individual  QWRs  implicating  carriers 
or  excitons  transfer  to  some  extent  from  the  QWRs  to 
QWRs  with  different  sizes.  Moreover,  the  Stoke’s  shift 
of  20  meV  seemed  to  be  originated  from  the  size  fluctu¬ 
ations  in  each  QWR. 

Since  the  QWRs  structures  have  one-dimensional  con¬ 
finement  of  the  carriers,  the  PL  spectra  have  in-plane 
polarization  properties.  The  polarized  PL  measurement 
was  performed  to  evaluate  the  QWR  sample.  In  this  mea¬ 
surement,  the  non-pol arized  HeCd  laser  (325  nm  line) 
laser  light  with  power  density  of  1.5  W/cm2  was  irradi¬ 
ated  with  an  angle  of  45°  to  the  sample  surfaces,  and 


Energy  (eV) 

(a) 


(b) 

Fig.  4.  PL  spectra  from  the  QWRs.  (a)  Selectively  excited 
PL  spectra.  Dotted  lines  represents  the  PL  spectra  when  the 
Zn0.91Cd0.09Se  cladding  layer  was  selectively  excited  by  exci¬ 
tation  energy  of  2.68  eV.  Solid  line  represents  the  PL  spectra 
when  the  active  layer  was  selectively  excited  by  excitation  en¬ 
ergy  of  2.465  eV.  Monochromatic  light  of  Xe  lamp  was  used 
as  an  excitation  source,  (b)  Polarization  angle  dependence 
of  PL  intensities  of  QWRs  Dotted  line  is  fitted  curve  by  as¬ 
suming  sinusoidal  function.  Solid  line  is  calculated  value  for 
the  CdSe/Zno.91  Cdo.o9Se(110)  QW.  Polarization  angle  denot¬ 
ed  the  measured  angle  between  the  electric  field  vector  of  the 
emitted  light  and  [001]  direction. 


the  PL  was  collected  from  the  vertical  direction  to  the 
sample  surface.  Polarization  direction  was  controlled  by 
the  rotation  of  Gran-Tompson  linear  polarizer,  which  was 
placed  in  front  of  the  optical  fiber.  Figure  4(b)  shows  a 
polarization  angle  dependence  of  PL  intensity  from  the 
sample.  The  fabricated  QWRs  show  a  clear  anisotrop¬ 
ic  in-plane  polarization  properties.  Strong  polarization 
parallel  to  the  [110]  direction,  i.e.}  the  direction  of  ridges, 
was  observed.  The  ratio  of  peak  intensity  parallel  to  the 
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QWRs  of  [110]  direction  to  that  perpendicular  to  the 
QWRs  of  [liO]  direction  is  as  large  as  3.6.  On  the  other 
hand,  the  (llO)-oriented  QWs  also  have  similar  polariza¬ 
tion  properties  due  to  the  strong  valence-band  anisotropy 
caused  by  the  low  crystal  symmetry  of  (110)  plane.  As  a 
result,  the  oscillator  strength  of  interband  optical  transi¬ 
tions  is  sensitive  to  the  crystallographic  direction  even  in 
the  same  planes  of  the  epitaxial  growth.  Moreover,  such 
anisotropy  is  multiplied  by  the  strain.  The  ratio  of  maxi¬ 
mum  to  minimum  values  of  the  polarized  PL  intensity  can 
be  calculated.  Details  about  the  linear  polarization  prop¬ 
erties  of  (llO)-oriented  QWs  were  discussed  in  elsewhere 
[12].  The  obtained  relative  optical  matrix  elements  ratio 
for  the  CdSe  (3  MLs)/Zn0.9iCd0.o9Se  QW  was  about  2.0 
which  was  consistent  with  the  experimental  value  of  1.8, 
considering  the  rough  estimation  of  the  material  param¬ 
eters.  The  polarization  behaviors  of  QWR  sample  can 
not  be  explained  by  this  crystallographic  low-symmetry 
of  (llO)-oriented  surface  together  with  the  strain-induced 
anisotropy.  Therefore,  the  enhanced  polarization  is  con¬ 
sidered  as  a  result  of  one-dimensional  carrier  confinement 
to  the  QWRs. 

IV.  CONCLUSIONS 

In  conclusion,  the  natural  formation  of  CdSe/ 
Zni_xCdxSe  QWR  structures  on  the  GaAs(llO)  crystal 
surface  by  cleaved  edge  over  growth  technique  was  inves¬ 
tigated.  By  utilizing  the  unique  self-organization  phe¬ 
nomena,  i.e.  A-shaped  ridge  structures  oriented  to  the 
[110]  direction  were  formed  in  the  moderately  strained 
Zni_xCdxSe  layers,  regularly  corrugated  CdSe  well  layer 
was  formed.  In  the  corrugated  QW  structures,  QWRs 
were  obtained  due  to  the  regular  modulation  of  well 
thickness.  Strong  quantum  confinement  effects  were  ob¬ 
served  from  the  fabricated  QWR  structures.  The  PL 
peak  at  2.44  eV  from  QWRs  showed  strong  polarization 
of  (///[ho]//l[iio])  =  3.6.  In  contrast  the  PL  peak  was 
broad  (FWHM  of  100  meV)  when  the  cladding  layer  was 
excited,  sharp  peak  (FWHM  of  10  meV)  was  observed 


when  the  active  layer  was  selectively  excited.  These  re¬ 
sults  suggest  the  present  self-formed  QWR  structure  fab¬ 
rication  technique  have  great  potential  as  new  nanostruc¬ 
tures  technology. 
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Fabrication  and  optical  investigation  of  strain-induced  quantum  wires  (QWRs)  for  ZnCdSe/ZnSe 
heterostructures  were  investigated.  To  produce  an  in-plane  lattice  modulation  on  (110)  cleaved 
surface,  20  periods  of  AlGalnP/GalnP  strained  layer  superlattice  was  grown  on  GaAs(OOl)  substrate. 
Then,  the  wafer  was  cleaved  in  ultrahigh  vacuum  (UHV)  chamber,  and  Zno.ssCdo.isSe/ZnSe  single 
quantum  well  (SQW)  was  successively  grown  on  the  cleaved  surface  of  (110)  plane.  As  a  result,  the 
[001]-oriented  AlGalnP/GalnP  strained  layer  superlattice  achieved  in-plane  strain  confinement  effect 
on  (llO)-oriented  Zno.85Cdo.15Se/ZnSe  SQW.  The  fabricated  sample  showed  a  large  red  shift  (about 
300  meV)  with  respect  to  the  Zno.85Cdo.15Se/ZnSe  single  quantum  well  grown  on  the  cleaved  plane 
without  strained  layer  superlattice  on  [001]  direction.  The  ratio  of  polarized  photoluminescence 
peak  intensity  parallel  to  the  QWRs  to  that  perpendicular  to  the  QWRs  was  2.5.  Such  a  strong 
in-plane  polarization  dependence  of  photoluminescence  from  the  sample  gives  a  clear  evidence  for 
the  carrier  confinement  to  the  QWRs. 


I.  INTRODUCTION 

During  the  last  years,  much  attention  has  been  de¬ 
voted  to  the  fabrication  of  low-dimensional  quantum 
structures  of  compound  semiconductors  such  as  quantum 
wires  (QWRs)  and  quantum  dots  (QDs),  which  are  quite 
important  for  optoelectronic  device  applications  and  for 
basic  physical  interests  [1,2].  To  obtain  a  quantum  con¬ 
finement  effect,  size  of  those  structures  should  be  com¬ 
pare  to  the  exciton  volumes.  The  exciton  Bohr  radius 
and  Vicker’s  hardness  of  ZnSe-based  materials  is  about 
3.5  nm  and  138  kg/mm2,  respectively.  Therefore,  it  is 
very  difficult  to  obtain  high  quality  quantum  structures 
of  ZnSe-based  materials  using  dry /wet-etching  methods 
together  with  electron  beam  lithography  [3].  In  this  point 
of  view,  in-situ  fabrication  methods  with  molecular  beam 
epitaxy  (MBE)  without  any  minute  process  are  very  pre¬ 
ferred  to  obtain  high  quality  structures  of  wide  bandgap 
II- VI  materials.  Recently,  Gershoni  ei  al.  suggested  and 
demonstrated  the  strain-induced  quantum  wires  (QWRs) 
of  AlGaAs/GaAs  system  with  InGaAs/GaAs  strained- 
layer  superlattice  (SLS)  [4]. 

In  this  study,  we  described  the  fabrication  and  optical 
investigation  of  strain-induced  QWRs  for  ZnCdSe/ZnSe 
heterostructures.  QWRs  were  formed  in  the  single 
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quantum  well  (SQW)  structure  grown  by  MBE  us¬ 
ing  cleaved  edge  overgrowth  technique.  The  fabricated 
QWRs  showed  quasi-one-dimensional  optical  properties. 

II.  SAMPLE  CONFIGURATION 

Samples  were  fabricated  by  two  step  epitaxial 
growth.  Figure  1  shows  the  schematic  diagram 
of  the  fabricated  QWR  sample.  The  [001]-oriented 
(Alo.7oGao.3o)o.05lno.5oP/Gao.58lno.42P  SLS  achieved  in¬ 
plane  strain-induced  confinement  effect  on  (llO)-oriented 
Zno.85Cdo.15Se/ZnSe  SQW.  In  the  first  step,  a  20  pe¬ 
riods  (Alo.7oGa0.3o)o.5oIno.o5P/Gao. 581^0.42?  SLS  which 
have  0.8  %  of  strain  was  grown  on  a  GaAs(OOl)  substrate 
which  is  7°-off  toward  [Oil]  direction  by  low-pressure 
metal-organic  vapor  phase  epitaxy  (MOCVD).  SLS  was 
composed  of  10  nm  thick  (Al0.7oGa0.3o)o.o5oIno.5oP  and 
7  nm  thick  Gao.42lnP  layers.  The  SLS  was  grown  on  the 
20  nm  thick  GaAs  buffer  layer.  GaAs  of  100  nm  in  thick¬ 
ness  was  grown  on  the  SLS  as  a  capping  layer.  Then,  the 
wafer  was  cleaved  in  ultrahigh  vacuum  (UHV)  chamber, 
and  Zno.85Cdo.15Se/ZnSe  SQW  was  successively  grown 
on  the  cleaved  surface  of  (110)  plane.  The  SQW  was  hav¬ 
ing  of  5  nm  thick  active  and  40  nm  thick  cladding  layers. 
Two-chamber  MBE  system,  one  for  the  cleaving  of  the 
substrate  in  UHV  and  the  other  for  the  epitaxial  growth 
of  Zni^sCdtfSe,  was  used  for  cleaved  edge  overgrowth  of 
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Single  Quantum  Well 

ZnSe  40  nm 

Zno  asCdo.i5Se  5  nm 

ZnSe  40  nm 


Strained  Layer  Superlattice 

®a0  58ln0  42^(^0.70^a0  3o)o.50*n  0  50^ 

7  nm  / 10  nm  (20  periods) 


Fig.  1.  Schematic  illustration  of  the  fabricated  quantum 
wires  utilizing  the  strain-induced  lateral  confinement. 


ZnCdSe/ZnSe  SQW.  After  the  growth  of  SLS,  the  wafer 
was  mounted  vertically  on  the  substrate  holder  and  in¬ 
troduced  into  the  preparation  chamber.  Details  of  the 
experimental  apparatus  and  process  has  been  described 
elsewhere  [5].  Typical  growth  conditions  were  as  follows: 
growth  temperature  of  250  °C,  beam  equivalent  pressure 
ratio  p(Se)/p(Zn)  of  1.0.  As  a  result,  the  ZnCdSe  active 
layer  have  periodic  strain  modulation  on  the  top  of  SLS 
cleaved  plane. 


III.  RESULTS  AND  DISCUSSIONS 

To  investigate  optical  properties  of  the  sample,  micro- 
photoluminescence  (PL)  measurement  were  performed. 
Typical  PL  spectra  measured  at  20  K  is  presented  in 


Fig.  2.  PL  spectra  of  the  QWR  sample  measured  at  two 
different  positions  indicated  in  Fig.  1.  (a)  [110]-orient- 

ed  Zno.85Cdo.15Se/ZnSe  SQW  region,  (b)  Strained-induced 
Zno.85Cdo.15Se/ZnSe  QWR  region  grown  on  top  of  the 
(AI0.70 Gao. 30)0. 5oIno. 50 P/Gao. sslno. 42 P  strained  superlattice. 
The  PL  spectra  were  measured  at  20  K. 


Fig.  2.  These  PL  spectra  were  obtained  from  two  differ¬ 
ent  region  of  the  sample,  as  indicated  by  arrows  in  Fig. 
1  and  insets  of  Fig.  2.  The  PL  spectrum  of  QW  region 
shows  single  peak  at  2.80  eV  with  21  meV  of  full  width  at 
half  maximum  (FWHM).  On  the  contrary,  the  PL  spec¬ 
trum  of  QWRs  region  exhibits  two  peaks.  These  peaks  of 
2.80  and  2.54  eV  can  be  considered  to  originate  from  the 
recombination  of  n  =  1  intrinsic  heavy  hole  excitons  of 
QW  and  the  localized  excitonic  recombination  at  QWRs, 
respectively.  Note  that  the  excitation  laser  spot  size  (~1 
/im  in  diameter)  is  much  larger  than  the  QWR  region 
one,  i.e.  SLS  area  (~340  nm  in  width),  PL  spectra  from 
QWRs  are  contributed  from  both  QW  and  QWRs  emis¬ 
sion.  Although  the  excited  area  is  lager  than  that  QWR 
region,  QWR  emission  intensity  is  stronger  than  that  of 
QW  indicating  the  carrier  diffusion  from  QW  to  QWR  is 
quite  efficient. 

In  order  to  make  a  conformation  of  the  peak  origin, 
polarized  PL  measurements  were  performed.  Figure  3 
shows  the  polarization  angle  dependence  of  the  PL  spec¬ 
tra  from  the  sample.  In  the  measurement,  the  lumi- 


(b) 

1 1 ' 1 

V  I  1  <  1  I  1  1  f  1  «-i 

Z3 

1  1  1  1  1 n 

3 

- 

Hi 

: 

</> 

c 

£ 

I  /QWR:[liO]  J  i 

: 

£ 

_i 

CL 

XQWR: 

1  .  i_L.  .  .  .  1  . 

toon  J 

.  .  .  1  .  .  .  .  J,  . 

. j 

2.30 

2.50  2.70 

2.90 

Photon  Energy  (eV) 


Fig.  3.  Polarization  angle  dependence  of  the  PL  spectra 
from  the  QWRs  at  position  (a).  The  ratio  of  peak  intensity 
parallel  to  the  QWRs  to  that  perpendicular  to  the  QWRs  was 
2.5. 
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nescence  was  polarized  by  Gran-Tompson  linear  polar¬ 
izer  and  then  introduced  into  spectrometer  through  the 
optical  fiber.  The  polarized  PL  spectra  show  strong 
anisotropic  polarization  properties.  PL  intensity  of  the 
QW  and  QWR  peaks  have  maximum  and  minimum  val¬ 
ue  when  the  polarization  is  parallel  to  the  [110]  and  [001] 
direction,  respectively.  The  ratio  of  maximum  to  mini¬ 
mum  values  of  QW  peak  is  about  1.27.  On  the  contrary, 
QWR  peak  shows  the  ratio  of  2.5,  which  was  much  larger 
than  that  of  QW  peak. 

On  the  other  hand,  the  hole  wave  functions  and  op¬ 
tical  properties  of  quantum  confined  systems  ( e.g .  QWs, 
QWRs,  or  quantum  dots)  should  be  sensitive  to  the  crys¬ 
tallographic  direction  of  epitaxial  growth.  This  is  mainly 
due  to  the  valence-band  anisotropy  of  the  zincblend  type 
compounds.  As  a  result,  both  the  energies  and  the  os¬ 
cillator  strength  of  interband  optical  transitions  are  sen¬ 
sitive  to  the  crystallographic  direction  of  the  epitaxial 
growth.  As  for  the  (llO)-oriented  QWs,  the  valence- 
subband  structures  are  highly  anisotropic.  It  is  well 
known  that  the  valence-subband  along  the  [110]  direction 
is  flat,  while  that  along  the  [001]  direction  is  very  steep 
[6].  This  may  be  due  to  different  degrees  of  coupling 
between  light-  and  heavy-hole  states  along  these  two  in¬ 
plane  directions.  The  large  intrinsic  anisotropy  would 
substantially  affect  the  transport  of  holes.  The  relative 
optical  matrix  elements  for  the  (llO)-oriented  strained 
QW  expressed  as  follows: 


\M\2/\Mb\2(e  — ►  H H)  =  1  -f  a  cos2  9  4-  f3 sin2  9  (1) 


+  2  v/?TF’ 


2  '  2  (2) 
f  =  iM^)2(7’  +  373)+(5*-T‘,)A'  <3> 

c = sb  {%)  (n + 3ts) + “  t‘)  A<  (4) 


A  _  2(Cn  +  2C12)  as  —  aj 

Cu  +  Ci2  +  2C44  't,h  €//~~^T~ 


(5) 


where  72  and  73  are  the  Luttinger  parameters  of  the  well 
layer  [7].  b  and  d  are  deformation  potentials,  and  Cn, 
Ci 2,  and  C44  are  elastic  constants,  as  and  af  are  the  lat¬ 
tice  constants  of  the  substrate  and  the  well  layer,  respec¬ 
tively.  kz  is  a  wave  number  along  the  growth  direction  in 
the  QW.  The  relevant  parameters  for  the  Zno.85Cdo.15Se 
are  obtained  by  linear  interpolation  from  those  of  ZnSe 
and  CdSe  [8—10].  Luttinger  parameters  (especially  for 
73)  for  Zno.85Cdo.15Se  are  not  available,  we  use  72  =  1.24 
and  73  =  1.67,  which  are  the  values  of  ZnSe.  The ‘cal¬ 
culated  ratio  of  relative  optical  matrix  elements  for  the 
structures  of  the  fabricated  SQW  on  GaAs(llO)  cleaved 
plane  is  1.47,  the  which  is  fairly  agrees  with  the  exper¬ 


imentally  obtained  intensity  ratio  with  considering  the 
rough  estimation  of  the  material  parameters. 

In  other  words,  such  a  strong  polarization  behavior 
of  QWR  emission  could  hardly  be  explained  by  the 
anisotropic  optical  matrix  element.  The  enhanced  polar¬ 
ization  is  considered  to  result  of  one-dimensional  carrier 
confinement  at  strain-induced  QWR  structures,  which  is 
one  of  the  well-known  evidence  of  QWRs  [11]. 


IV.  CONCLUSIONS 

In  this  conclusion,  we  described  the  fabrication  and  op¬ 
tical  investigation  of  strain-induced  QWRs  for  ZnCdSe/ 
ZnSe  heterostructures  using  cleaved  edge  overgrowth 
technique.  Zno.s5Cdo.15Se/ZnSe  SQW  w as  grown  on 
the  top  of  cleaved  surface  of  (Al0.7oGa0.3o)o.5oIno.5oP/ 
Gao.5sIno.42P  SLS  grown  on  the  (001)  plane.  Due  to 
the  in-plane  lattice  modulation  on  (110)  cleaved  surface, 
QWR  structures  were  formed.  The  fabricated  sample 
showed  a  large  red  shift  (about  300  meV)  with  respect 
to  the  Zno.85Cdo.15Se/ZnSe  single  quantum  well  grown 
on  the  cleaved  plane  without  strained  layer  superlattice 
on  [001]  direction.  The  ratio  of  polarized  photolumines¬ 
cence  peak  intensity  parallel  to  the  QWRs  to  that  per¬ 
pendicular  to  the  QWRs  was  2.5.  Such  a  strong  in-plane 
polarization  dependence  of  photoluminescence  from  the 
sample  gives  a  clear  evidence  for  the  carrier  confinement 
to  the  QWRs. 
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We  report  new  measurement  of  the  above-bandgap  optical  properties  of  zincblend  Cdo.57Mgo.43Te 
ternary  alloy  film.  These  differ  from  previous  data  on  bulk  alloys,  in  that  the  present  <62  >  values 
are  milch  lower  and  higher  near  Eo  fundamental  edge  and  ^2-peak,  respectively,  indicating  that 
the  present  spectra  are  closer  to  the  true  bulk  dielectric  function  of  this  alloy.  Energy  derivative 
spectrum  calculated  numerically  from  this  data  also  show  better-resolved  structure  in  the  ^2-peak 
region. 


I.  INTRODUCTION 

Cdi_rMga;Te  is  an  especially  promising  barrier  mate¬ 
rial  for  optoelectronic  devices  because  the  whole  visible 
band-gap  range  can  be  covered  with  Mg  compositions 
(z)  between  0.30  and  0.75.  Furthermore,  the  lattice  mis¬ 
match  between  either  MgTe  or  CdTe  can  be  as  small  as 
1.0  %  [1].  Even  though  the  properties  of  the  binary  end¬ 
point  CdTe  of  these  alloys  are  well  known  [2,3],  only  a 
few  studies  of  the  critical  point  energies  of  CdMgTe  alloys 
have  been  reported  [4].  Recently  we  reported  the  results 
of  a  systematic  study  on  the  dielectric  functions  of  bulk 
CdMgTe  alloys  [5].  However  our  spectra  had  nonzero 
<62 >  values  below  the  Eq  band  gap,  which  we  attribut¬ 
ed  to  surface  roughness  of  the  bulk  samples.  Here,  we 
report  spectroscopic  ellipsometric  (SE)  measurements  on 
Cdo.57Mgo.43Te  film  grown  on  GaAs  substrate.  Since  the 
surface  of  this  film  is  much  smoother,  we  expect  that  the 
result  from  the  film  is  closer  to  the  true  dielectric  function 
of  Cdo.57Mgo.43Te  alloy. 

II.  EXPERIMENTALS 

Four  layers  of  nominal  magnesium  concentration,  x  = 
0.0,  0.23,  0.32,  and  0.43  were  grown  epitaxially  by 
MBE  on  [001]-oriented  GaAs  substrates.  The  layers 
were  typically  1  /im  thick  and  have  no  surface  cap 
layers.  In  this  work  we  concentrate  on  the  result 
from  x  —  0.43  film  to  compare  with  those  from  bulk 
samples.  Room  temperature  pseudodielectric  spectra 


<e(cj)>=<6i(o;)>-l-2<62(^)>  were  obtained  from  1.5  to 
6.0  eV  by  a  rotating  analyzer  ellipsometer  as  described 
elsewhere  [6,7].  The  system  uses  a  75  W  Xenon  arc  lamp, 
a  Cary  14  monochromator,  quartz  Rochon  prisms,  and 
a  photomultiplier  detector.  The  angle  of  incident  was 
67.08°. 

III.  RESULTS  AND  DISCUSSION 

The  sample  was  mounted  in  a  windowless  cell,  optical¬ 
ly  aligned  with  a  He-Ne  laser,  and  maintained  in  flow¬ 
ing  purified  N2  to  minimize  surface  contamination.  It  is 
well  known  that  the  existence  of  overlayers  on  the  sur¬ 
face  complicates  efforts  to  obtain  the  intrinsic  response 
of  samples  by  ellipsometry  because  of  its  surface  sen¬ 
sitivity  [8].  Therefore,  we  removed  oxide  overlayers  in 
situ  immediately  before  measurement.  We  followed  the 
wet  chemical  etching  procedure  described  in  Refs.  9,  10, 
where  the  successful  removal  of  oxide  overlayers  on  ZnTe 
with  NaBH4  was  reported.  The  chemical  treatment  was 
repeated  until  real-time  ellipsometric  data  showed  no  fur¬ 
ther  changes.  This  also  corresponded  to  the  highest  val¬ 
ues  of  <62 >  at  the  EVpeak. 

Since  dielectric  function  of  Cdo.57Mgo.43Te  has  not 
known  yet,  to  compare  our  performance  of  chemical  etch¬ 
ing  procedure  we  show  the  effect  of  chemical  treatments 
on  <62 >  for  a  CdTe  film  grown  epitaxially  on  GaAs 
in  Fig.  1.  We  obtained  a  maximum  <e2 >  value  of 
11.92  with  NaBH4  in  deionized  water,  which  is  compa¬ 
rable  to  the  best  reported  value  on  bulk  CdTe,  12.12  [2]. 


-S496- 


-S497- 


Dielectric  Function  of  Cdo.57Mgo.43Te  Alloy  Film  Studied  by 


Fig.  1.  Effects  of  chemical  treatments  on  <€2  >  spectrum 
of  CdTe  film  epitaxially  grown  on  GaAs. 

Cdo.57Mgo.43Te  sample  was  treated  in  the  same  way  and 
showed  similar  optimum  <e2>  values  with  the  NaBtU 
treatment. 

Figure  2(a)  shows  our  best  spectrum  of  epitaxial 
Cdo.57Mgo.43Te  after  chemical  etching.  Previous  bulk  da¬ 
ta  from  Ref.  5  are  shown  in  Fig.  2(b).  The  present  data 
from  film  exhibit  a  higher  <e2>  value  at  the  ^-peak, 
even  though  the  film  has  a  higher  Mg  content.  Accord¬ 
ing  to  this  standard  measure  of  quality  by  SE,  the  film 
has  a  better  surface  than  that  of  the  bulk  material.  In 
addition,  the  spectrum  of  Fig.  2(a)  shows  clear  interfer¬ 
ence  oscillations  below  the  Eo  threshold  as  expected  in 
the  region  of  transparency  (We  did  not  perform  the  mul¬ 
tilayer  calculation  necessary  to  remove  this  interference 
pattern,  because  the  thickness  of  the  film  is  not  known 
to  sufficient  accuracy).  The  value  of  <e2>  just  above  the 
Eo  threshold  is  also  lower  than  that  shown  in  Fig.  2(b), 
which  is  another  measure  of  higher  quality.  On  the  basis 
of  these  two  improved  <e2>  values,  we  believe  that  our 
current  result  is  the  closest  to  the  true  bulk  dielectric 
function  of  Cdo.57Mgo.43Te  alloy  that  has  been  reported 
so  far.  These  data  are  listed  from  2.2  eV  up  to  5.9  eV  in 
Table  1  on  a  scale  that  should  be  sufficiently  detailed  to 
allow  e  values  to  be  obtained  at  intermediate  energies  by 
general  interpolation  techniques. 

To  obtain  the  critical  point  (CP)  energies,  we  calculat¬ 
ed  second  energy  derivative  spectra  numerically  and  fit 
them  to  the  standard  analytic  CP  expression  [11-13]: 

=  n(n-  1  )Aei*(hu> -E  +  *T)n-2  n  ^  0, 

du r 

=  Ae^ihuj  -  E  +  iT)"2  n  =  0,  (1) 

where  the  critical  point  is  described  by  the  amplitude 
A,  the  threshold  energy  E,  the  broadening  T,  and  the 
phase  <j>.  Both  real  and  imaginary  parts  were  fit  simul- 
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Fig.  2.  (a)  <e2>  spectrum  of  Cdo.57Mgo.43Te  film  epi¬ 
taxially  grown  on  GaAs.  (b)  <c2>  spectrum  of  bulk 
Cdo.60Mgo.40Te  from  Ref.  5. 


Table  1.  Pseudodielectric  function  of  Cdo.57Mgo.43Te  de- 
termined  in  this  work. _ _ 


E(eV) 

€ 1 

€ 2 

E  (eV) 

e 1 

e 2 

2.2 

8.96 

1.29 

4.1 

5.82 

9.84 

2.3 

8.95 

1.39 

4.2 

4.84 

9.88 

2.4 

9.06 

1.51 

4.3 

4.06 

9.38 

2.5 

9.21 

1.67 

4.4 

3.89 

8.85 

2.6 

9.42 

1.85 

4.5 

3.93 

8.70 

2.7 

9.65 

2.09 

4.6 

3.96 

8.79 

2.8 

9.94 

2.38 

4.7 

3.91 

9.07 

2.9 

10.27 

2.76 

4.8 

3.75 

9.53 

3.0 

10.63 

3.30 

4.9 

3.34 

10.17 

3.1 

10.87 

4.01 

5.0 

2.44 

10.87 

3.2 

11.06 

4.74 

5.1 

0.99 

11.14 

3.3 

11.23 

5.66 

5.2 

-0.35 

10.66 

3.4 

11.23 

6.87 

5.3 

-1.37 

9.92 

3.5 

10.75 

8.35 

5.4 

-2.13 

8.96 

3.6 

9.32 

9.65 

5.5 

-2.46 

7.92 

3.7 

7.54 

9.53 

5.6 

-2.49 

7.03 

3.8 

7.07 

8.92 

5.7 

-2.37 

6.30 

3.9 

6.94 

9.03 

5.8 

-2.17 

5.78 

4.0 

6.55 

9.44 

5.9 

-1.95 

5.33 
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Cdi-arMg^Te  films  and  (b)  previous  result  obtained  on  bulk 
material  as  reported  in  Ref.  5.  For  clarity,  only  half  the  data 
are  shown.  The  solid  and  dashed  curves  represent  the  best 
fits  to  <d>  and  <C2>,  respectively. 

taneously,  assuming  an  exciton  CP  line  shape  n  =  —  1 
as  discussed  previously  [5,14,15].  In  Fig.  3(a)  we  show 
these  numerically  calculated  secbnd  derivative  spectra  by 
open  circles  in  the  E2  and  E'0  region  together  with  the 
best  fits  to  d2<ex>/dE 2  (solid  lines)  and  d2<e2>/dE 2 
(dashed  lines).  For  clarity  the  d2<e2>/dE2  data  are  not 
shown,  but  the  quality  of  the  fits  is  similar.  To  clear¬ 
ly  prove  the  improvement  of  current  data,  we  show  the 
results  of  CdTe  and  Cdo.77Mgo.23Te  together.  Similar  re¬ 
sults  from  Ref.  5  on  bulk  samples  are  shown  in  Fig.  3(b). 
These  spectra  show  that  the  E2  structure  is  well  resolved 
in  the  present  data  up  to  x  =  0.43,  while  that  in  the  bulk 
spectra  are  poorly  defined  even  at  x  =  0.25  and  cnanot 
be  resolved  at  all  at  x  =0.40.  The  resulting  CP  energies 
Eo  +  Ao,  Ely  Ei  +  Ai,  E2 ,  and  Ef0  structures  are  3.016 
eV,  3.650  eV,  4.248  eV,  5.088  eV,  and  5.315  eV. 
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IV.  CONCLUSIONS 

We  report  the  above  band  gap  pseudodielectric  func¬ 
tion  values  of  Cdo.57Mgo.43Te  film  at  room  temperature 
from  2.2  eV  up  to  5.9  eV.  By  proper  chemical  etching 
procedure,  we  obtained  accurate  approximations  to  the 
true  dielectric  response  of  Cdo.57Mgo.43Te.  The  dielectric 
function  below  the  fundamental  gap  requires  additional 
analysis,  which  will  be  reported  elsewhere.  Well  resolved 
structures  are  observed,  which  allows  us  to  obtain  accu¬ 
rate  values  of  the  E0  +  A0,  EX)  Ex  +  Ax,  E2 ,  and  Ef0 
critical  point  energies. 
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The  formation  mechanism  of  epitaxial  cobalt  silicide  from  Co/Ti,  Co/Hf,  and  Co/  Nb/(100)  Si 
structures  has  been  investigated.  The  crystallographic  orientations  of  the  silicide  films  formed  after 
annealing  these  bilayer  metals  on  (100)Si  at  800  °C  are  found  to  strongly  depend  upon  the  thin 
metal  layer  used  as  an  epitaxy  promoter.  Epitaxial  cobalt  silicide  was  grown  from  Co/Ti/(100)Si. 
Epitaxial  and  non-epitaxial  CoSh  formed  simultaneously  in  Co/Hf/(100)Si,  while  only  non-epitaxial 
CoSb  formed  in  Co/Nb/(100)Si  system.  The  reason  why  the  crystallographic  orientation  of  CoSh 
differs  for  these  systems  seems  to  be  related  to  the  formation  and  decomposition  of  stable  reaction 
barriers  at  high  temperatures.  Stable  reaction  barriers  formed  at  high  temperatures  make  the 
uniform  diffusion  of  Co  atoms  possible,  resulting  in  the  growth  of  epitaxial  CoSh. 


I.  INTRODUCTION 

Titanium  silicide  and  cobalt  silicide  are  the  two  most 
widely  used  silicides  for  the  self-aligned  silicide  (salicide) 
technology  [1-3].  When  a  silicidation  annealing  is  carried 
out  at  a  single  titanium  or  cobalt  layer  on  the  Si  sub¬ 
strate,  the  Si-silicide  interface  easily  becomes  rough  due 
to  non-uniform  silicidation,  which,  in  turn  would  produce 
increased  junction  leakage  current  and  high  contact  resis¬ 
tance  [4].  In  general  thermal  grooving  occurs  at  the  grain 
boundaries  of  thin  films  upon  high  temperature  annealing 
owing  to  local  energy  equilibrium.  The  grooving  can  lead 
to  the  formation  of  an  “island”  structure  at  higher  tem¬ 
peratures.  This  phenomenon  is  known  as  agglomeration 
[5].  Groove  formation  occurs  both  at  the  silicide  surface 
and  at  the  silicide-Si  interface.  Therefore,  it  is  the  best 
idea  to  grow  an  epitaxial  silicide  film  on  the  Si  substrate 
in  preventing  agglomeration  of  the  silicide  film  [6,7].  The 
epitaxial  silicide  layer  can  be  realized  by  rapid  thermal 
annealing  of  a  Co/metal  bilayer  on  the  Si  substrate  [8]. 
Metals  appropriate  for  the  Co/metal  bilayer  are  refracto¬ 
ry  metals  like  Ti,  Zr,  V,  Hf,  Nb,  and  Ta.  Rapid  thermal 
annealing  of  Co/metal/(100)Si  in  a  N2  ambient  induces 
inversion  in  position  between  the  Co  layer  and  the  metal 
layer,  because  of  the  following  three  reasons; 

(1)  The  silicidation  temperature  of  these  metals  are 
higher  than  that  of  Co 

(2)  Co  is  a  main  diffuser  in  CoSi2  formation  process 

(3)  The  diffusion  coefficient  of  Co  is  higher  than  those 
of  refractory  metals  and  that  of  Si 

The  refractory  metals  listed  above  get  rid  of  the  native 


oxide,  because  they  have  stronger  tendency  of  oxidation 
than  that  of  Si.  Co  atoms  arrive  at  the  metal/Si  interface 
after  moving  through  the  metal  layer  and  then  react  with 
Si  atoms  in  the  Si  substrate  to  form  CoSi2-  Therefore, 
the  CoSi2  layer  can  grow  epitaxially,  because  the  lattice 
mismateh  between  CoS^  and  Si  is  nothing  but  1.2  %  [9] 
and  also  because  the  refractory  metal  removes  the  native 
oxides  on  the  Si  substrate  by  reducing  them  into  Si. 

Byun  et  al.  [10]  reported  to  obtain  an  epitaxial  sili¬ 
cide  using  a  Co/Ta/Si  system.  They  also  tried  Co/Zr/Si, 
Co/V/Si  system,  although  the  qualities  of  the  final  struc¬ 
tures  were  not  so  satisfactory.  Most  of  the  refractory 
metals  except  W  and  Mo  may  be  used  as  an  epitaxy  pro¬ 
moter  like  Ti  in  the  Co/Ti/Si  system.  In  this  work  the 
final  structures  and  the  silicide  formation  mechanisms  of 
Co/Ti,  Co/Nb,  and  Co/Hf  bilayers  on  (100)Si  have  been 
investigated. 

II.  EXPERIMENTAL 

P-type  Si  wafers  with  (100)  orientation  were  cleaned  in 
a  10  %  HF  solution  and  rinsing  in  diluted  water.  Then 
Co/Ti,  Co/Nb  and  Co/Hf  layers  were  deposited  on  the 
substrates  by  dual  target  sputtering  to  form  a  Co(15 
nm)/metal(10  nm)/(100)Si  structure.  The  base  pressure 
of  the  deposition  system  was  5xl0-7  Torr.  Silicidation 
annealing  treatments  were  performed  using  a  rapid  ther¬ 
mal  annealing  system  in  a  vacuum  of  2x10“ 5  Torr  at 
various  temperatures  for  30  sec.  Glancing  angle  X-ray 
diffraction  was  used  to  identify  the  phases.  AES  depth 


-S499- 


-S500- 

profile  was  used  to  investigate  the  layer  structures.  The 
sheet  resistances  of  the  films  were  measured  with  a  four- 
point  probe  technique. 

III.  RESULTS  AND  DISCUSSION 

The  reactions  of  the  Co/metal  bilayers  with  Si  dur¬ 
ing  rapid  thermal  processing  have  been  studied.  Figure 
1  shows  the  sheet  resistance  after  a  sequential  deposi¬ 
tion  of  refractory  metal  interlayer  and  Co  films  on  the  Si 
substrate  and  annealing  at  various  temperatures  for  30 
sec.  Ti,  Hf,  and  Nb  were  used  for  the  interlayer.  The 
thicknesses  of  the  interlayer  and  the  top  Co  layer  were 
10  nm  and  15  nm,  respectively.  The  sheet  resistance  in¬ 
creases  as  the  annealing  temperature  increases  from  330 
°C  fo>'420  °Cj  where  the  resistance  is  maximized.  As  the 
annealing  temperature  increases  further,  the  sheet  resis¬ 
tance  rapidly  decreases  and  then  holds  constant  above 
500  °C  regardless  of  the  kind  of  interlayer  metal.  The 
change  in  sheet  resistance  can  be  directly  related  to  the 
phase  transition.  The  peak  of  the  resistance  between  380 
and  500  °C  is  due  to  the  formation  of  CoSi  and  Co2Si 
phases  with  high  resistivities. 

X-ray  diffraction  spectra  of  the  Co/Ti  bilayer  silicide 
using  glancing  angle  XRD  show  the  presence  of  these 
phases  at  lower  temperatures  in  figure  2(a).  The  CoSi 
phase  grows  and  the  Co  layer  is  completely  converted  into 
CoSi  at  420  °C.  The  phase  evolution  simultaneously  leads 
to  the  formation  of  CoSi2  at  420  °C  annealing.  With  in¬ 
creasing  the  annealing  temperature,  other  low  tempera¬ 
ture  phases  disappear  and  only  CoSi2  is  observed  above 
600  °C.  The  phase  sequence  with  respect  to  the  anneal¬ 
ing  temperature  obtained  from  XRD  agrees  well  with  the 


Annealing  Temperature  (  C) 

Fig.  1.  The  sheet  resistances  of  the  Co/refractory  metal 
bilayer  silicides  on  Si(100)  substrate  as  a  function  of  annealing 
temperature. 
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Diffraction  angle  (20) 

Fig.  2.  Glancing  angle  XRD  spectra  of  the  Co/Ti  bilayer 
silicide  on  the  Si(100)  substrate  as  a  function  of  RTA  anneal¬ 
ing  temperature  for  30  sec.;  (•  :  CoSi2(lll),  o  :  CoSi2(220), 
♦  :  CoSi2(200),  ■  :  CoSi,  □  :  Co,  A  :  Co2Ti04,  A  :  CoTi03, 
V  :  TiSi2  ▼  :  Ti02).  (a)  X-ray  incident  angle  :  1°  and  (b) 
X-ray  incident  angle  :  16.7°. 

sheet  resistance  data  («70  /if) cm  for  Co2Si,  «100~150 
fiQcm  for  CoSi,  and  «15~25  //f)cm  for  CoSi2)  [11].  It 
is  interesting  to  note  that  CoSi2  is  not  observed  above 
700  °C  in  figure  2(a).  We  obtained  the  glancing  angle 
XRD  spectra  of  figure  2(a)  at  a  fixed  incident  angle  of 
1° .  To  investigate  the  epitaxial  silicide  formation  better, 
we  obtained  a  glancing  angle  XRD  spectra  at  an  incident 
angle  of  16.7°  which  is  the  incident  angle  for  CoSi2  (200) 
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diffraction  and  the  results  are  shown  in  figure  2(b).  The 
appearance  of  the  diffraction  peak  of  CoSi2  (200)  suggests 
an  epitaxial  growth  of  CoSi2  on  the  Si  (100)  substrate. 
The  diffraction  peak  of  CoSi2  (200)  begins  to  be  appeared 
at  500  °C,  which  is  somewhat  higher  than  that  for  CoSi2 
(111)  or  (220).  This  peak  is  further  grown  with  increas¬ 
ing  the  temperature  and  no  other  cobalt  silicide  peaks 
are  found  above  700  °C  in  figure  2(b).  These  results  im- 
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Fig.  3.  Glancing  angle  XRD  spectra  of  the  Co/Hf  bilayer 
silicide  on  the  Si(100)  substrate  as  a  function  of  RTA  anneal¬ 
ing  temperature  for  30  sec.;  (•  :  CoSi2(lll),  °  :  CoSi2(220), 
♦  :  CoSi2(200),  ■  :  CoSi,  □  :  Co,  V  :  HfSi,  ▼  :  Hf02,  A  : 
/?-Co2Si04,  A  :  HfSi04).  (a)  X-ray  incident  angle  :  1°  and 
(b)  X-ray  incident  angle  :  16.7°. 


ply  that  the  CoSi2  layer  has  a  polycrystalline  structure 
below  600  °C,  but  grows  epitaxially  on  the  Si  (100)  sub¬ 
strate  above  700  °C.  After  annealing  at  500  °C,  an  XRD 
peak  corresponding  to  a  ternary  compound  of  Co-Ti-0 
is  also  detected  as  shown  in  figure  2(b).  The  studies  by 
Vantomme  et  al  [12]  and  Kim  et  al  [13]  suggested  that 
the  formation  and  decomposition  of  a  ternary  compound 
like  Co-Ti-Si  play  an  important  role  in  epitaxial  growth 
of  CoSi2  during  thermal  processing.  Also,  other  ternary 
compounds,  for  example  a  Co-Ti-0  spinel  phase,  were 
presented  as  epitaxy  promoters  [14].  In  the  study,  these 
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Fig.  4.  Glancing  angle  XRD  spectra  of  the  Co/Nb  bilayer 
silicide  on  the  Si(100)  substrate  as  a  function  of  RTA  anneal¬ 
ing  temperature  for  30  sec.;  (•  :  CoSi2,  A  :  /?-Nb2Os,  A  : 
Nb205,  ■  :  Nb6Co7,  ▼  :  Nb,  V  :  Co),  (a)  X-ray  incident 
angle  :  1°  and  (b)  X-ray  incident  angle  :  16.7°. 
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spinel  phases  may  contribute  to  reducing  the  native  ox¬ 
ide  on  the  underlying  Si  substrate  and  to  controlling  the 
inter-diffusion  between  Si  and  Co  during  the  reaction, 
thereby  promoting  epitaxial  growth  of  CoSi2.  From  the 
appearance  and  disappearance  of  the  Co-Ti-0  peak  (in¬ 
dexed  as  Co2Ti04  and  CoTi03)  at  500,  600,  and  700 
°C,  it  may  be  said  that  the  Co-Ti-0  ternary  compound 
•  is  decomposed  into  Ti02  and  Co-Ti-Si  during  annealing 
and  controls  the  inter-diffusion  of  Co  and  Si  moderately, 
which  may  help  CoSi2  grow  epitaxially.  The  evolution  of 
the  layer  structure  will  be  represented  later. 

The  XRD  spectra  of  Co(15  nm)/Hf(10  nm)/(100)Si 
and  Co(15  nm)/Nb(10  nm)/(100)Si  after  rapid  thermal 
annealing  for  30  sec  at  various  temperatures  are  also 
shown  in  figure  3  and  4.  At  500  °C,  both  CoSi2  and 
CoSi  reflection  peaks  appeared.  These  silicide  peaks  of 
Co/Hf  are  basically  the  same  as  that  of  Co/Ti.  The 
CoSi  reflection  intensity  is  much  weaker  than  that  of 
CoSi2  at  500  °C,  which  implies  that  CoSi2  is  a  cobalt 
silicide  phase  dominant  at  this  temperature.  These  re¬ 
sults  agree  well  with  the  sheet  resistance  curve  of  figure 
1.  Hf02  peaks  are  also  found  at  this  temperature.  It  is 
worth  noting  that  Hf  does  not  form  ternary  compounds 
such  as  Co-Hf-0  or  Co-Hf-Si.  The  native  oxide  at  the 
interface  with  the  Si  substrate  is  changed  to  Hf02  by 
reacting  with  Hf,  not  to  Co-Hf-O.  It  appears  that  CoSi 
completely  transforms  into  CoSi2  or  a  silicate  phase  like 
/?-Co2Si04  and  HfSi04  are  newly  formed  during  anneal¬ 
ing  at  600  °C  (figure  3(a)).  Further  reactions  occurred 
and  the  silicate  phases  sequentially  disappear  as  the  an¬ 
nealing  temperature  increases  to  700  and  800  °C.  The 
temperatures  at  which  /?- Co2Si04  and  HfSi04  are  not 
found  are  700  and  800  °C,  respectively.  The  XRD  spec¬ 
tra  of  the  Co/Hf/(100)Si  after  annealing  are  shown  in 
figure  3(b).  The  CoSi2  layer  has  textured  structures,  not 
epitaxial  structures.  1(200) /I( 111)  which  represent  the 
degree  of  epitaxy  is  the  highest  at  the  annealing  temper¬ 
ature  of  600  °C. 

For  Co/Nb/(100)Si,  CoSi2  begins  to  form  at  500  °C 
(figure  4(a)).  Co-Nb  alloys  and  Nb  oxides  also  form  above 
500  °C,  but  no  ternary  compound  is  observed.  As  shown 
in  figure  4(b),  epitaxial  growth  is  also  not  achieved  even 
at  temperatures  above  800  °C.  The  non-epitaxial  growth 
and  no  ternary  compound  formation  seem  to  be  the  most 
saliant  features  in  Co/Nb  bilayer  silicidation.  To  investi¬ 
gate  the  redistribution  of  each  element,  AES  depth  pro¬ 
files  were  performed.  Figure  5  shows  the  AES  depth  pro¬ 
files  for  Co/Ti/(100)Si.  In  the  as-deposited  specimens, 
oxygen  contamination  is  detected  in  the  Ti  interlayer  and 
at  the  surface  of  the  specimen.  The  oxygen  in  the  inter¬ 
layer  seems  to  be  due  to  the  native  oxide.  The  oxygen  a 
the  specimen  surface  may  be  contaminated  during  depo¬ 
sition.  Figure  2(b)  and  5(b)  show  that,  during  annealing 
at  500  °C,  a  part  of  the  cobalt  and  silicon  inter-diffused 
through  the  Ti  interlayer  and  reacted  to  form  CoSi  and 
CoSi2.  The  layer  structure  after  annealing  at  500  °C 
consists  of  three  layers  :  the  upper  layer  of  a  mixture 
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Fig.  5.  The  AES  depth  profiles  of  the  Co(15  nm)/Ti(10 
nm)/Si(100)  sample  after  RTA  annealing  for  30  sec;  (a) 
as-deposited,  annealed  at  (b)  500  °C,  (c)  600  °C,  and  (d) 
700  °C. 


of  CoSi  and  CoSi2,  the  interlayer  of  Co-Ti-0  compounds 
and  the  lower  layer  of  epitaxial  CoSi2.  This  layer  struc¬ 
ture  is  maintained  up  to  600  °C,  the  epitaxial  CoSi2  layer 
grows  further  at  the  CoSi2-Si  interface  and  the  Co-Ti-0 
compounds  in  the  interlayer  are  decomposed  as  the  an¬ 
nealing  temperature  increases  up  to  700  °C  (figures  2(b) 
and  5).  A  complete  layer  inversion  between  Co  and  Ti 
occurs  at  700  °C.  Figure  6  shows  the  AES  depth  profiles 
of  Co/Hf/(100)Si  after  annealing.  It  can  be  seen  from  fig¬ 
ure  6(c)  that  the  final  structure  of  Co/Hf/(100)Si  after 
annealing  differs  from  that  of  Co/Ti/(100)Si.  It  seemed 
that  these  Co  and  Hf  silicate  phases  coexist  in  the  same 
interlayer  as  a  solid  solution  at  600  °C.  After  decompo- 
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Fig.  6.  The  AES  depth  profiles  of  the  Co(15  nm)/Hf(10 
nm)/Si(100)  sample  after  RTA  annealing  for  30  sec;  (a) 
as-deposited,  annealed  at  (b)  600  °C,  and  (c)  700  °C. 

sition  of  HfSi04  above  600  °C,  /?-Co2Si04  which  formed 
at  500  °C  remains  at  the  top  of  the  sample  even  at  tem¬ 
peratures  higher  than  700  °C.  Diffusion  of  Co  into  the  Si 
substrate  is  considerably  suppressed  up  to  700  °C.  Due  to 
the  unstable  thermal  decomposition  of  HfSi04  at  higher 
temperatures  the  epitaxial  growth  of  CoSb  is  imperfect, 
in  other  words,  a  textured  structure  is  obtained. 

IV.  CONCLUSIONS 

Various  ternary  compounds  formed  during  the  initial 
stage  of  the  reaction  seem  to  play  a  role  of  the  re¬ 
action  barrier  for  the  formation  of  epitaxial  CoSb  in 
the  Co/metal/(100)Si  system.  They  control  diffusion 
of  Co  into  the  Si  substrate,  resulting  in  the  formation 


of  an  epitaxial  CoSi2-  For  Co/Ti/Si(100),  the  Co-Ti- 
O  ternary  compound  formed  at  the  metal/Si  interface 
and  the  Hf-Si-0  formed  during  silicidation  of  Co/Hf  bi¬ 
layer  act  as  reaction  barriers.  No  ternary  compound 
forms  in  Co/Nb/(100)Si  during  annealing.  The  final  lay¬ 
er  structure  obtained  after  a  rapid  thermal  annealing  of 
Co/Ti/(100)Si  bilayer  turned  out  to  be  Ti  oxide/Co-Ti- 
Si/epi-CoSh/  (100)Si.  The  crystallographic  orientations 
of  the  cobalt  silicide  formed  at  500  °C  seems  to  strong¬ 
ly  depend  on  the  metal  used  as  an  epitaxy  promoter  in 
Co /metal /(1 00)Si ,  Epitaxial  and  non-epitaxial  CoSi2  si¬ 
multaneously  formed  in  Co/Hf/(100)Si,  while  only  non- 
epitaxial  CoSi2  form  in  Co/Nb/(100)Si.  The  reason  why 
the  crystallographic  orientation  of  CoSi2  differs  between 
these  two  systems  seems  to  be  related  to  the  formation 
and  decomposition  of  stable  reaction  barriers  at  high 
temperatures.  The  stable  reaction  barriers  formed  at 
high  temperatures  may  control  the  diffusion  of  Co  atoms 
into  the  Si  substrate  which  enables  epitaxial  growth  of 

CoSi2. 
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In  this  study,  Nb-Si-N  and  Ta-Si-N  films  were  deposited  on  (100) Si  wafers  using  a  reactive 
sputtering  technique  and  their  thermal  stability  indispensable  for  a  barrier  metal  against  Cu  was 
investigated  using  sheet  resistance  measurement,  X-ray  diffraction,  and  Auger  electron  spectroscopy 
depth  profiling.  The  N2/Ar  gas  flow  ratio  for  the  sputter  deposition  of  the  Nb-Si-N  and  Ta-Si-N 
films  with  the  highest  thermal  stability  were  found  to  be  5  %  and  15  %,  respectively.  The  Nb-Si-N 
film  failed  at  700  °C,  while  the  Ta-Si-N  film  failed  at  900  °C.  The  failure  mechanism  of  the  Nb-Si-N 
was  found  to  be  as  follows  :  Cu  atoms  move  to  the  Nb-Si-N/Si  interface  through  the  Nb-Si-N  film 
and  react  with  Si  atoms  in  the  Si  substrate  resulting  in  the  formation  of  Cu3Si  at  the  Nb-Si-N/Si 
interface.  Also  the  failure  mechanism  of  Ta-Si-N  was  found  to  be  nearly  the  same  as  that  of  Nb-Si-N. 


I.  INTRODUCTION 

The  integration  density  of  large  scale  integrated  cir¬ 
cuits  has  doubled  every  two  years  for  the  past  twenty- 
five  years.  The  trend  curve  of  the  integration  level  pre¬ 
dicts  that  the  fabrication  technique  for  0.1  fim  width 
interconnections  will  realize  the  4  Gbit  dynamic  ran¬ 
dom  access  memory  (DRAM)  within  ten  years.  Alu¬ 
minum  and  its  alloys  have  been  extensively  used  for 
interconnection  materials  in  very  large  scale  integrated 
circuits  (VLSI).  However,  time  delay  and  electromigra¬ 
tion  will  become  serious  problems  in  the  application  of 
aluminum  interconnections  to  ultralarge  scale  integrat¬ 
ed  circuit  (ULSI).  Copper  has  an  electrical  bulk  resis¬ 
tivity  of  1.7  fj.Q cm  and  fewer  electromigration  problems 
than  aluminum  alloys  [1].  However,  Cu  metallization  al¬ 
so  has  several  drawbacks  such  as  diffusion  of  Cu  into  the 
Si  substrate  through  the  SiC>2  layer.  Cu  can  become  a 
recombination-generation  center,  a  cause  of  leakage  cur¬ 
rent  near  a  p-n  junction,  and  a  cause  of  threshold  voltage 
shift  of  the  MOS  capacitor  [2,3]  by  being  precipitated  as 
a  form  of  a  silicide  [4] .  Cu  also  forms  CusSi  by  reacting 
with  the  substrate  Si  at  the  lower  temperatures  than  200 
°C  [5].  After  the  formation  of  the  CuaSi  phase,  the  under¬ 
lying  Si  in  the  CusSi/Si  structure  is  readily  oxidized  even 
at  room  temperature  [6,7].  Hence  a  diffusion  barrier  is 
strongly  needed  between  Cu  and  SiC^.  The  various  bar¬ 
rier  materials  for  Cu  metallization  have  been  reported. 
Among  these,  the  ones  with  the  highest  thermal  stabili¬ 
ty  are  ternary  compounds  such  as  Ta-Si-N  [8,9],  Ti-Si-N 
[10],  Mo-Si-N  [11],  and  W-Si-N  [11].  Kolawa  et  al  [8] 


reported  that  TaseSi^Nso  does  not  fail  up  to  950  °C.  Ti- 
Si-N,  Mo-Si-N,  and  W-Si-N  were  reported  not  to  fail  up 
to  850,  800,  and  700  °C,  respectively  [8-11].  The  barri¬ 
er  performance  of  these  materials  were  evaluated  mostly 
by  using  I-V  measurements  of  the  n+-p  shallow  junction 
diodes  and  Rutherford  back  scattering  spectrometry  in 
those  works  [8-11]. 

In  this  paper,  we  report  on  the  barrier  properties  of 
the  Nb-Si-N  and  Ta-Si-N  by  using  X-ray  diffraction  and 
AES  depth  profiling.  The  focus  is  on  the  effect  of  N2/Ar 
gas  flow  ratio  of  the  reactive  sputter  deposition  process 
on  the  barrier  properties  of  the  Nb-Si-N  and  Ta-Si-N. 

II.  EXPERIMENTAL  METHODS 

Substrates  of  5^-cm  n-type(100)Si  were  cleaned  in  a 
dilute  HF  solution  (HF  :  H2O  =  1  :  20)  for  2  min  and 
rinsed  in  de-ionized  water  and  subjected  to  N2  blowing 
before  loaded  into  the  deposition  chamber.  The  Nb-Si- 
N  film  with  the  thickness  of  approximately  100  nm  were 
deposited  on  the  Si  substrates  by  reactive  dc  magnetron 
sputtering  using  Nb2Si  in  Ar  and  N2  gas  mixture.  The 
base  vacuum  was  maintained  below  1  x  10"6  Torr  and  the 
dc  plasma  power  and  the  total  gas  pressure  were  fixed  to 
be  100  W  and  10  mtorr,  respectively.  The  N2/Ar  ratio 
was  varied  to  be  5,  7.5,  10,  15,  20,  and  30  %  for  Nb-Si- 
N  deposition.  100  nm-thick  Cu  films  were  subsequently 
sputter  deposited  on  the  top  of  Nb-based  films.  The  sam¬ 
ples  were  then  annealed  in  a  vacuum  furnace  at  the  pres¬ 
sure  of  7x10" 7  Torr  and  various  temperatures  ranging 
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from  600  to  900  °C  for  30  min.  The  Ta-Si-N  specimens 
were  also  prepared  by  reactive  sputtering  using  an  TasSi3 
target  in  the  same  manner. 

Sheet  resistance  of  the  samples  were  measured  both  be¬ 
fore  and  after  annealing  by  fourpoint  probe  to  survey  the 
overall  reaction  involving  Cu.  Auger  electron  spectro¬ 
scopic  (AES)  depth  profiling,  X-ray  diffraction  (XRD), 
and  transmission  electron  microscopy  (TEM)  were  used 
for  the  analysis  of  reaction  product  phases  and  the  inter- 
diffusion  of  the  elements  across  the  interface,  respectively. 


III.  RESULTS  AND  DISCUSSION 

The  most  important  process  parameter  in  reactive 
sputtering  of  Nb-Si-N  and  Ta-Si-N  which  determines  the 
composition  and  the  barrier  property  of  the  Nb-Si-N  and 
Ta-Si-N  film  is  N2/Ar  gas  flow  ratio.  Figs.  1  shows 
the  XRD  spectra  for  the  specimen  in  which  a  Nb-Si-N 
film  100  nm  thick  and  a  Cu  film  100  nm  thick  were  se¬ 
quentially  deposited  with  various  N2/Ar  gas  flow  ratios 
and  followed  by  annealing  at  600.  In  the  case  of  the 
annealing  at  600  °C  only  Cu(lll)  and  Cu(200)  peaks 
appeared  for  the  N2/Ar  gas  ratio  of  5  and  10  %.  In  con¬ 
trast  Cu3Si(312)  and  Cu4Si  peaks  as  well  as  Cu(lll)  and- 
Cu(200)  peaks  appeared  for  the  N2/Ar  gas  ratios  higher 
than  15  %.  Some  of  Cu  atoms  in  the  Cu  film  diffused  in¬ 
to  the  Si  substrate  through  the  Nb-Si-N  film  and  reacted 
with  the  Si  substrate  to  form  silicide  in  the  Nb-Si-N/Si 
interface,  which  implies  that  the  Nb-Si-N  barrier  failed 
for  the  N2/Ar  gas  ratios  higher  than  15  %■ 

The  reason  why  the  properties  of  the  Nb-Si-N  film 
change  with  the  variation  of  the  nitrogen  flow  rate  has 
never  been  reported  yet.  It  is  the, authors’  opinion  that 


Fig.  1.  XRD  spectra  of  the  Cu/Nb-Si-N/(001)Si  for  various 
N2/Ar  gas  flow  ratios  of  the  sputter  deposition  process  of 
Nb-Si-N  at  600  “C. 


Fig.  2.  XRD  spectra  of  the  Cu/Ta-Si-N/(001)Si  for  various 
N2/Ar  gas  flow  ratios  of  the  sputter  deposition  process  of 
Ta-Si-N  at  800  °C. 


the  Si/N  ratio  changes  as  the  nitrogen  flow  rate  are  var¬ 
ied.  The  thermal  properties  of  Nb-Si-N  also  change  as  a 
result  of  the  change  in  the  Si/N  ratio.  Thus  the  Nb-Si- 
N  film  deposited  with  the  N2/Ar  ratio  higher  than  15  % 
and  then  annealed  at  600  °C  is  not  effective  as  a  diffusion 
barrier  against  Cu. 

Next  in  the  case  of  annealing  at  700  °C  silicides  formed 
between  Cu  and  Si  for  any  N2/Ar  ratio.  The  CusSi  peak 
in  the  XRD  spectra  for  the  N2/Ar  ratio  of  10  %  is  con¬ 
siderably  higher  than  that  of  5  %. 

Figs.  2  shows  the  XRD  spectra  for  Cu/Ta-Si-N/Si  for 
the  various  N2/Ar  gas  flow  ratios  of  the  sputter  deposi¬ 
tion  process  of  Ta-Si-N  and  annealed  at  800  °C.  A  Cu3Si 
intensity  peak  is  found  for  the  N2/Ar  gas  flow  ratios  of 
5  %  and  7.5  %  at  the  annealing  temperature  of  800  °C. 
This  result  implies  that  the  N2/Ar  ratios  below  7.5  % 
does  not  offer  good  barrier  properties.  Ta-Si-N  samples 
with  the  N2/Ar  ratio  of  10,  15,  and  20  %  in  sputtering 
of  Ta-Si-N  were  annealed  at  900  °C  to  determine  the  op¬ 
timum  N2/Ar  ratio.  For  the  N2/Ar  ratio  of  10  %  some 
of  Cu  atoms  in  the  Cu  film  migrates  to  the  Ta-Si-N/Si 
interface  through  the  Ta-Si-N  layer  and  react  with  Si  to 
form  Cu3Si.  For  the  case  of  20  %  N2/Ar  ratio,  the  Cu 
peaks  vanish  completely  and  only  CusSi  peaks  appear. 
Thus,  all  of  the  Cu  atoms  in  the  Cu  film  migrate  into  the 
Si  substrate  and  react  with  Si  atoms  to  form  Cu3Si.  On 
the  contrary  hardly  any  Cu3Si  peak  appears  for  the  case 
of  15  %.  Therefore,  we  may  conclude  that  the  optimum 
N2/Ar  ratio  in  the  sputter  deposition  process  of  Ta-Si-N 
is  15  %.  The  Ta-Si-N  samples  used  in  this  study  here¬ 
after  were  deposited  with  the  N2/Ar  ratio  of  15  %•  The 
optimum  N2/Ar  ratios  of  Nb-Si-N  and  Ta-Si-N  were  5  % 
and  15  %,  respectively. 

Fig.  3  shows  XRD  spectra  of  Cu/Nb-Si-N/Si  where 
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Fig.  3.  XRD  spectra  of  the  Cu/Nb-Si-N/(001)Si  before  and 
after  annealing  at  various  temperatures  :  (a)  as-deposited  (b) 
600  °C  (c)  650  °C  (d)  700  °C  and  (e)  750  °C. 


Nb-Si-N  films  were  deposited  with  the  optimum  N2/Ar 
ratio  of  5  %  and  then  annealed  in  the  temperature  range 
from  600  #C  to  750  °C  with  the  increment  of  50  °C.  Af¬ 
ter  annealing  at  600  °C  for  30  rnin.  Cu  crystal  growth 
is  observed,  and  no  reaction  between  Cu  and  Si  is  ob¬ 
served.  The  Cu(lll)  and  (200)  peak  heights  for  650  °C 
are  almost  the  same  as  those  for  600  °C.  It  implies  that 
Nb-Si-N  film  does  not  fail  at  650  °C  and  works  well  as  a 
diffusion  barrier  against  Cu.  The  formation  of  CuaSi  and 
Cu4Si  compounds  is  observed  after  annealing  700  °C  for 
30  min,  which  indicates  that  Cu  diffuses  to  Si  through 
the  barrier  layer.  The  XRD  peaks  of  Cu3Si  and  Cu4Si 
are  higher  at  750  °C  than  at  700  °C. 


Fig.  4.  XRD  spectra  of  the  Cu/Ta-Si-N/(001)Si  before  and 
after  annealing  at  various  temperatures  :  (a)  as-deposited  (b) 
750  °C  (c)  800  °C  (d)  850  °C  and  (e)  900  °C. 


Journal  of  the  Korean  Physical  Society,  Vol.  34,  June  1999 


Annealing  Temp.(t:) 


Fig.  5.  Sheet  resistance  of  Cu/Nb-Si-N/(001)Si  and 
Cu/Ta-Si-N/(001)Si  as  a  function  of  annealing  temparature. 


Fig.  4  shows  the  XRD  spectra  for  the  Cu/Ta-Si- 
N/Si  annealed  at  various  temperatures.  There  was  no 
change  in  X-ray  diffraction  patterns  for  annealing  at 
temperatures  below  900  °C.  After  annealing  at  900  °C, 
Cu3Si(312)  and  Cu4Si  diffraction  peaks  appeared.  The 
formation  of  the  CuaSi  and  Cu4Si  is  confirmed  from  the 
sheet  resistance  measurement  and  TEM  analysis  results 
as  shown  in  Fig.  5  and  Fig.  6,  respectively.  It  can  be 
concluded  that  Nb-Si-N  and  Ta-Si-N  films  deposited  by 
reactive  sputtering  with  the  N2/Ar  ratio  of  5  %,  and  15 
%,  respectively,  offers  the  best  barrier  property  against 
Cu  diffusion,  and  that  the  failure  temperatures  of  Nb-Si- 
N  and  Ta-Si-N  are  700  °C  and  900  °C,  respectively. 

The  sheet  resistances  of  Cu/Nb-Si-N/Si  system  and 
Cu/Ta-Si-N/Si  system  were  measured  on  the  copper  sur¬ 
face  at  room  temperature  after  annealing  for  30  min  at 
different  temperatures  [Fig.  5(a)  and  (b)].  The  sheet 
resistances  of  both  systems  were  initially  decreased  with 
increasing  the  annealing  temperature  up  to  600  and  750 
°C,  respectively,  although  the  sheet  resistance  slightly  in¬ 
creased  with  increasing  annealing  temperature  from  600 
to  650  °C  and  from  750  to  850  °C,  respectively.  It  is 
owing  to  the  crystallization  and  grain  growth  of  Cu,  but 
the  sheet  resistances  of  the  Cu/Nb-Si-N/Si  system  and 
the  Cu/Ta-Si-N/Si  system  were  abruptly  increased  at 
700  and  900  °C,  respectively.  It  results  from  the  for¬ 
mation  of  copper  silicide.  The  increase  in  the  resistivity 
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Fig.  6.  TEM  cross-sectional  micrographs  of  Cu/Ta-Si-N/ 
(100)Si  :  (a)  annealed  at  850  °C,  and  (b)  annealed  at  900  °C. 


implies  that  a  reaction  occurred  between  Cu  and  Si.  The 
highest  temperature  of  each  sample  at  which  a  barrier 
layer  prevents  Cu-Si  interaction  during  the  subsequent 
heat  treatment  can  be  used  as  a  measure  of  diffusion 
barrier  effectiveness  [12].  Fig.  5(a)  and  (b)  appears  to 
suggest  that  the  Cu/Nb-Si-N/Si  system  has  lower  ther¬ 
mal  stability  than  the  Cu/Ta-Si-N/Si  system. 

The  compositional  depth  profiles  of  the  Cu/Nb-Si-N/Si 
and  Cu/Ta-Si-N/Si  before  and  after  heat  treatment  are 
shown  in  Figs.  7  and  8,  respectively.  Figs.  7(a)  and 
8(a)  show  that  Nb-  Si-N  and  Ta-Si-N  layers  exist  as  a 
diffusion  barrier  between  the  Cu  layer  and  the  Si  sub¬ 
strate  and  that  their  boundaries  are  clearly  observable. 
Nearly  no  change  is  found  in  the  profiles  of  both  barri¬ 
er  metals  below  700  °C  and  900  °C,  respectively,  while 
the  profiles  changed  significantly  after  annealing  at  700 
°C  and  900  °C,  respectively.  During  annealing  at  the 
critical  temperature  of  each  system,  Cu  atoms  diffused 
into  the  Si  substrate  through  the  Nb-Si-N  and  the  Ta-Si- 
N  layers  of  both  systems.  The  Cu  atoms  which  moved 
deep  into  the  Si  substrate  made  bonds  with  Si  atoms  in 
the  substrate  to  form  copper  silicides  such  as  Cu3Si  and 
CU4SL  This  reaction  has  been  already  found  by  XRD 
analysis  results  (Figs.  3  and  4)  and  is  confirmed  by  these 
AES  depth  profiles.  Ta-Si-N  layer  moved  up  to  the  top  of 
the  sample  where  the  Cu  film  was  originally  positioned. 
However,  the  amount  of  Cu  was  still  larger  than  that  of 
Ta-Si-N  at  the  top  of  the  sample.  Some  of  the  Ta  and 
N  atoms  migrated  into  the  Si  substrate,  but  there  was 
no  evidence  of  Si  migration  through  the  Ta-Si-N  layer 
into  the  Cu  layer.  We  may  conclude  that  copper  sili- 
cide  was  formed  by  migration  of  Cu  through  the  Ta-Si-N 
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Fig.  7.  AES  depth  profiles  of  Cu/Nb-Si-N/(001)Si  :  (a)  as-deposited  (b)  annealed  at  600  °C,  (c)  annealed  at  650  °C,  and 
(d)  annealed  at  700  °C. 
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Fig.  8.  AES  depth  profiles  of  Cu/Ta~Si-N/(001)Si  :  (a) 
as-deposited  (b)  annealed  at  750  °C,  (c)  annealed  at  800  °C, 
(d)  annealed  at  850  °C,  and  (e)  annealed  at  900  °C. 

layer  and  reaction  with  Si.  In  other  words  the  main  dif¬ 
fuser  in  the  Ta-Si-N  layer  is  not  Si  but  Cu,  and  copper 
silicide  forms  at  the  Ta-Si-N/Si  interface  instead  of  the 
Cu/Ta-Si-N  interface.  However,  the  fact  that  the  XRD 
peaks  of  Nb-Si-N  and  Ta-Si-N'  crystals  are  not  found  at 
750  °C  and  900  °C,  respectively,  suggests  that  the  Nb-Si- 
N  and  Ta-Si-N  films  have  not  been  crystallized  yet  even 
after  annealing  at  750  °C  and  900  °C,  respectively,  and 
that  the  path  through  which  Cu  atoms  migrate  is  not  the 


grain  boundary  of  diffusion  barriers.  Generally,  it  is  well 
known  that  a  material  with  a  higher  crystallization  tem¬ 
perature  shows  a  better  barrier  property.  However,  the 
experimental  results  obtained  in  this  study  show  that  the 
failure  temperature  of  a  barrier  does  not  always  coincide 
with  the  crystallization  temperature  and  that  it  is  possi¬ 
ble  to  fail  at  a  temperature  lower  than  the  crystallization 
temperature. 

IV.  CONCLUSIONS 

Barrier  properties  against  Cu  diffusion  of  Nb-Si-N  and 
Ta-Si-N  films  deposited  on  the  (100)  Si  substrates  by 
a  reactive  sputtering  method  were  investigated  and  the 
results  obtained  are  as  follows  : 

1)  The  optimum  N2/Ar  flow  ratios  for  the  sputter  de¬ 
position  of  Nb-Si-N  and  Ta-Si-N  which  offer  the  best  bar¬ 
rier  property  is  5  %,  and  15  %,  respectively. 

2)  Nb-Si-N  and  Ta-Si-N  barriers  fail  by  migration  of 
Cu  through  the  barrier  metal  layer  to  the  Nb-Si-N/Si 
and  Ta-Si-N/Si  interfaces,  respectively,  and  reaction  of 
Cu  with  Si  to  form  copper  silicides  such  as  CusSi  and 
Cu4Si. 

3)  The  crystallization  temperature  of  Nb-Si-N  for  the 
Cu/Nb-Si-N/Si  system  is  higher  than  750  °C  while  its 
failure  temperature  is  700  °C.  Also,  the  crystallization 
temperature  of  Ta-Si-N  for  the  Cu/Ta-Si-N/Si  system  is 
higher  than  900  °C  while  its  failure  temperature  is  900 
°C.  Therefore,  the  failures  of  Nb-Si-N  and  Ta-Si-N  are 
not  directly  related  to  the  crystallization  of  Nb-Si-N  and 
Ta-Si-N. 

4)  Ta-Si-N  offers  better  barrier  properties  and  is  more 
stable  at  high  temperatures  than  Nb-Si-N,  because  the 
failure  temperature  of  Ta-Si-N  is  higher  than  that  of  Nb- 
Si-N. 
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The  electrical  and  structural  properties  of  Si02  films  were  investigated  as  a  function  of  microwave 
power  using  electron  cyclotron  resonance  (ECR)  plasma  chemical  vapor  deposition  (CVD)  method. 
The  refractive  index  ranging  from  1.45  to  1.48  was  obtained.  The  presence  of  a  stretching  mode  (1065 
cm  1),  bending  mode  (812  cm  J)  and  rocking  mode  (450  cm-1)  of  Si-0  bonds  were  observed.  The 
oxygen  to  Si  ratio  was  1.88—2.12  throughout  the  films.  Interface  trap  density  ( Dlt )  and  flat-band 
voltage  increased  with  increasing  microwave  power.  From  the  capacitance-voltage  characteristics, 
we  may  assume  that  the  positive  ions  (O2*  or  O*)  exist  in  the  Si02  films  and  these  positive  ions 
increase  with  increasing  microwave  power.  The  interface  trap  density  was  1010  — 1011  eV^cm-2.  The 
best  breakdown  field  and  Dit  value  achieved  in  this  study  was  11.3  MV/cm  and  lxlO10  eV“1cm-2, 
which  sets  a  new  record  for  the  lowest  Du  in  ECR  plasma  CVD  oxides  fabricated  to  date. 


I.  INTRODUCTION 

The  deposition  of  insulators  at  low-temperatures  has 
applications  in  a  number  of  semiconductor  device  tech¬ 
nologies.  For  example,  as  secondary  passivation  layers, 
inter  layer  isolation  and  lithographic  mask  in  integrat¬ 
ed  circuits  and  also  as  primary  gate  dielectrics  for  thin 
film  transistor  applications.  At  high-temperatures,  po¬ 
tential  problems  such  as  dopant  diffusion  and  redistribu¬ 
tion,  material  interaction  and  thermally  induced  stress 
can  seriously  degrade  device  performance.  Therefore,  a 
high-quality  oxide  film  grown  at  low-temperature  is  ex¬ 
tremely  desirable.  Recently,  the  interest  in  electron  cy¬ 
clotron  resonance  (ECR)  plasma  chemical  vapor  depo¬ 
sition  (CVD)  for  microelectronic  fabrications  [1-5]  has 
increased.  The  attractive  features  of  the  ECR  plasma 
CVD  processing  are  as  follows  [4,5]:  (a)  It  does  not  in¬ 
volve  electrodes  so  that  contamination  due  to  sputtering 
of  electrodes  during  plasma  processing  does  not  occur, 
(b)  It  yields  a  large  degree  of  electrons  and  ions,  (c)  It 
can  be  performed  for  a  wide  range  of  process  conditions 
and  (d)  plasma  processing  is  a  low- temperature  process. 
Therefore,  the  ECR  plasma  method  is  expected  to  oper¬ 
ate  at  low-temperature  and  a  high  deposition  rate. 

In  order  to  obtain  Si02  films  using  ECR  plasma,  two 
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methods  are  generally  used.  The  first  is  oxygen  plas¬ 
ma  [6-10]  and  the  other  [2,11,12]  is  deposition  method. 
Chau  and  Kao  [6]  studied  the  fabrication  of  Si02  films 
in  microwave  oxygen  plasmas  as  a  function  of  gas  pres¬ 
sure.  They  obtained  a  low  value  of  interface  trap  density 
(A'*=9xl010  eV-1cm-2).  Matsuoka  and  Tohno  [7]  fab¬ 
ricated  various  oxide  films,  including  Si02,  in  an  oxygen- 
argon  gas  atmosphere.  Sung  and  Pang  [8]  studied  the  ox¬ 
idation  of  Si  in  an  oxygen  plasma  by  a  multipolar  ECR 
source.  They  obtained  a  high  quality  oxide  films  with 
breakdown  field  strength  12  MV/cm  and  fixed  charge 
density  3  x  1010  cm-2.  Carl  et  al.  [9]  studied  the  oxidation 
of  Si  in  an  ECR  oxygen  plasma.  The  average  breakdown 
strength  was  about  7  MV/cm  and  fixed  charge  density 
was  about  lxlO11  cm“2.  Salbert  et  al.  [10]  also  studied 
the  oxide  growth  on  Si  using  an  ECR  oxygen  plasma.  The 
average  breakdown  field  was  about  7.8  MV/cm  and  Dit 
was  about  5xlOn  eV^cm-2.  Machida  et  al.  [2]  studied 
the  water-related  hot-carrier  degradation  as  a  function  of 
SiH4/02  gas  flow  rate  using  deposition  method.  In  our 
previous  work  [11]  we  studied  the  capacitance- voltage  (C- 
V)  characteristics  of  Si02  films  as  a  function  of  SiH4/02 
ratio  and  microwave  power  using  the  ECR  plasma  depo¬ 
sition  method.  The  positive  ions  (02+  or  0+)  exist  in 
the  Si02  films  and  these  positive  ions  increase  with  in¬ 
creasing  02  content  or  microwave  power.  The  Du  was 
10lo~1011  eV^cm”2.  Nguyen  and  Albaugh  [12]  also 
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obtained  Si02  films  deposited  by  ECR  CVD  using  SiH4 
and  O2  mixed  gas.  They  studied  only  the  physical  and 
chemical  properties  of  Si02  films  deposited  at  room  tem¬ 
perature. 

While  many  physical  and  electrical  properties  of  the 
Si02  films  have  been  reported  using  oxygen  plasma 
method  [6-10],  deposition  method  [2,11,12]  have  not  been 
extensively  studied.  In  particular,  the  characteristics  of 
metal-oxide  semiconductor  (MOS)  capacitors,  fabricat¬ 
ed  by  deposition  method  using  SiH4  and  O2  mixed  gas, 
have  not  been  studied.  In  our  previous  study  [11],  we 
described  only  the  C-V  characteristics.  In  this  work,  the 
physical  and  electrical  parameters  of  the  ECR  plasma 
CVD  produced  Si02  films  are  studied  as  a  function  of 
microwave  power  including  the  C-V  characteristics. 

II.  EXPERIMENTS 

The  purpose  of  ECR  plasma  is  to  increase  the  path 
of  electrons  in  the  plasma  by  applying  a  magnetic  field, 
thus  enhancing  the  probability  of  ionization.  Resonance 
is  achieved  when  the  frequency  at  which  energy  is  fed 
to  an  electron  circulating  in  a  magnetic  field  is  equal  to 
the  characteristic  frequency  at  which  the  electron  cir¬ 
culates.  This  circulating  motion  increases  the  ratio  of 
ionized  to  nonionized  species  in  ECR  plasma  by  three 
orders  of  magnitude  over  that  in  simple  radio-frequency 
(RF)  plasmas.  The  high  efficiency  in  exciting  the  reac¬ 
tants  in  ECR  plasma  enables  the  deposition  of  films  at 
room  temperature  without  the  need  for  thermal  activa¬ 
tion. 

An  Astex-1000  ECR  plasma  generator,  a  homemade 
CVD  reactor  (Fig.  1)  and  a  high  vacuum  system  were 
employed  to  carry  out  the  experiments.  Microwave  pow¬ 
er  was  supplied  to  a  plasma  chamber  through  a  rectan¬ 
gular  waveguide.  The  magnetic  field  for  the  ECR  plasma 
excitation  was  applied  perpendicularly  to  the  substrate 
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surface.  The  plasma  stream  was  introduced  into  the  de¬ 
position  chamber  in  the  direction  of  the  substrate  by  this 
magnetic  field.  The  system  consisted  of  two  chambers, 
the  plasma  chamber  and  the  deposition  chamber.  The  re¬ 
actants  were  introduced  through  two  separate  inlets;  oxy¬ 
gen  molecules  were  introduced  into  the  plasma  chamber, 
while  silane  (SiH4)  was  fed  into  the  deposition  chamber. 
Microwave  power  was  introduced  into  the  plasma  cham¬ 
ber  through  a  rectangular  waveguide  at  a  frequency  of 
2.45  GHz.  The  cylindrical  plasma  chamber  operated  as 
a  microwave  cavity  resonator.  The  electron  cyclotron  fre¬ 
quency  was  controlled  by  magnetic  coils  arranged  at  the 
periphery  of  the  chamber.  At  the  above  microwave  fre¬ 
quency,  resonance  was  achieved  at  a  magnetic  strength  of 
875  Gauss.  Highly  activated  plasma  was  then  obtained 
at  very  low  gas  pressures.  Ions  were  extracted  from  the 
plasma  chamber  into  the  deposition  chamber  and  sub¬ 
jected  to  a  divergent  magnetic  field  that  spread  the  plas¬ 
ma  stream  over  the  entire  wafer. 

The  deposition  conditions  were  as  follows:  the  sub¬ 
strate  temperature  was  400  °C,  pressure  was  4.5  mTorr, 
distance  from  the  substrate  to  the  plasma  chamber  was 
2  cm,  total  flow  rate  was  15  standard  cubic  centimeters 
per  minute  (seem),  O2  content  was  93  %  (the  ratio  of 
SiH4/02  was  1/14),  and  the  microwave  power  was  200, 
300,  400,  500  and  600  W.  Boron  doped  (111)  single¬ 
crystal  Si  wafers  with  a  resistivity  of  1-3  fiem  were  chem¬ 
ically  cleaned.  The  native  oxide  on  silicon  was  removed 
prior  to  deposition  by  dipping  in  dilute  hydrofluoric  (HF) 
acid,  followed  by  de-ionized  (DI)  water  rinse.  The  de¬ 
posited  oxide  films  were  annealed  at  600  °C  in  N2  for 

1  hour.  The  refractive  index  and  deposition  rate  was 
measured  using  ellipsometry.  The  surface  roughness  was 
measured  using  atomic  force  microscopy  (AFM).  The 
structural  properties  of  the  Si02  films  were  studied  by  X- 
ray  photoelectron  spectroscopy  (XPS),  Auger  and  Fouri¬ 
er  transform  infrared  (FT-IR)  spectroscopy.  The  inter¬ 
face  trap  density  was  measured  using  the  high-low  fre¬ 
quency  C-V  characteristics  method.  The  flat-band  volt¬ 
age,  dielectric  constant  and  current-voltage  characteris¬ 
tics  of  Si02  films  measurements  were  performed  on  MOS 
capacitors. 

III.  RESULT  AND  DISCUSSION 

The  refractive  index  ranging  from  1.45  to  1.48  was  ob¬ 
tained.  From  the  FT-IR  spectroscopy,  the  presence  of  a 
stretching  mode  (1065  cm"1),  bending  mode  (812  cm-1) 
and  rocking  mode  (450  cm”1)  of  Si-0  bonds  were  ob¬ 
served  in  silicon  oxide  films.  The  stoichiometry  of  the 
oxide  films  was  studied  using  XPS  measurements.  Figure 

2  shows  XPS  spectra  of  oxide  film  when  the  microwave 
power  was  300  W.  The  oxygen  to  Si  ratio  was  1.99. 
Other  samples  were  1 .88~2. 12  throughout  the  films,  in¬ 
dicating  uniform  Si02  stoichiometry  identical  to  high- 
temperature  thermal  oxide.  No  impurities  were  detected 
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Fig.  2.  XPS  spectra  of  Si02  film. 


Microwave  Power  (W) 

Fig.  3.  Deposition  rate  and  surface  roughness  as  a  function 
of  microwave  power. 


using  Auger  analysis  in  the  oxide  films. 

Figure  3  shows  the  deposition  rate  and  surface  rough¬ 
ness  of  the  oxide  films  as  a  function  of  the  microwave 
power.  The  deposition  rate  increase,  reaches  a  maximum 
at  500  W,  and  then  decrease.  The  increase  in  the  deposi¬ 
tion  rate  with  microwave  power  depends  on  the  increase 
of  reactive  radicals  [8].  It  is  assumed  that  the  reactive 
radicals  increased  with  increasing  microwave  power.  Due 
to  these  reasons,  the  deposition  rate  increased  with  in¬ 
creasing  microwave  powers.  However,  high  microwave 
power  (at  600  W)  is  expected  to  generate  very  many 
oxygen  ions  (02+  or  0+)  with  high  kinetic  energy  in  the 
deposition  chamber.  Therefore,  much  ion  flux  with  high 
kinetic  energy  reach  the  substrate  and  then  impact  the 
film  surface.  Consequently,  the  deposition  rate  was  low 
due  to  surface  etching  at  600  W.  The  surface  roughness 
decreased  with  increasing  the  microwave  power  (from  200 
to  500  W)  due  to  adequate  surface  etching.  At  600  W, 
the  surface  roughness  was  increased  a  little  because  many 
positive  ions  did  damage  to  the  film  surface.  The  surface 
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Fig.  4.  Normalized  capacitance  as  a  function  of  gate  bias 
with  microwave  power. 
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Fig.  5.  Flat-band  voltage  as  a  function  of  microwave  power. 


roughness  was  low  at  400  W  because  of  the  adequate 
surface  etching. 

Fig.  4  shows  normalized  capacitance  as  a  function  of 
gate  bias  with  microwave  power.  The  C-V  curves  are  nor¬ 
malized  to  the  maximum  value  of  the  oxide  capacitance 
(Cox).  The  measurement  frequency  was  1  MHz.  The  C-V 
curves  of  Fig.  4  are  shifted  along  the  voltage  axis.  That 
is,  the  absolute  values  of  the  flat-band  voltage  increase 
with  increasing  microwave  power  (Fig.  5).  The  flat-band 
voltage  shift  was  large,  which  is  not  normally  observed  in 
the  thermally  grown  oxide  films.  The  flat-band  voltage 
shift  toward  the  negative  gate  voltage,  indicating  that 
there  are  positive  ions  accumulated  in  the  bulk  of  the 
oxide.  In  order  to  find  out  the  positive  ions,  which  affect 
the  shift  of  flat-band  voltage,  Auger  analysis  was  used. 
As  the  result  of  Auger  analysis,  such  impurities  as  Na+ 
are  not  detected. 

Figure  6  shows  the  interface  trap  density  and  dielec¬ 
tric  constant  as  a  function  of  microwave  power.  The  Du 
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Microwave  Power  (W) 

Fig.  6.  Interface  trap  density  and  dielectric  constant  as  a 
function  of  microwave  power. 


Voltage  (v) 

Fig.  7.  C-V  characteristics  (a)  initial  (b)  after  30  min,  180 
°C,  Vg  =  +5  V  (c)  after  30  min,  180  °C,  V9  =  -5  V. 


was  obtained  high  frequency  (1  MHz)  and  low  frequen¬ 
cy  (10  Hz)  C-V  characteristics  of  the  MOS  capacitor. 
The  Du  and  dielectric  constant  value  was  found  to  be 
in  the  range  of  10lo~1011  eV_1cm“2  and  2~4.  These 
Du  values  are  comparable  to  thermally  grown  oxides  at 
high-temperatures.  The  Du  increased  with  increasing 
microwave  power.  From  figures  5  and  6,  the  flat-band 
voltage  shift  was  large,  which  is  not  observed  in  low  val¬ 
ue  of  Du .  From  these  results,  we  may  suppose  [11]  the 
positive  ions  (02+  or  0+)  accumulated  in  the  bulk  of  the 
oxide.  These  shifts  are  due  to  the  migration  of  positive 
oxygen  ions  through  the  oxide  layer.  From  these  reasons, 
the  flat-band  voltages  are  increased  with  increasing  mi¬ 
crowave  power  due  to  increase  positive  oxygen  ions  in  the 
plasma.  Carl  et  al.  [9]  and  Kimura  et  al.  [13]  reported 
that  highly  exited  O  and  C>2+  exist  in  the  plasma.  Dzio- 
ba  et  al.  [14]  also  observed  not  only  O  and  C>2+  but  also 
0+.  However,  they  did  not  consider  the  positive  ions  in 
the  bulk  of  the  oxide  films.  They  considered  only  plasma 
region.  Chau  et  al.  [6]  already  reported  that  the  emission 
intensities  of  the  C>2+  increase  with  increasing  input  pow¬ 
er  and  the  positive  or  negative  ions  existed  in  the  bulk 
of  the  oxide.  They  said  that  these  results  may  be  caused 
the  noncomplete  bonding  due  to  the  lattice  mismatching 
or  electrons  trapped  at  the  interface.  An  increase  in  the 
microwave  power  may  result  in  an  increase  in  C>2+  or  0+ 
ions  in  the  deposition  chamber.  Therefore,  the  energetic 
ion  flux  reaching  substrates  may  also  be  increased  with 
increasing  microwave  power.  Consequently,  the  impinge¬ 
ment  of  the  positive  ions  (02+  or  0+)  increased  with 
increasing  microwave  power  on  the  film  surface.  Due  to 
these  reasons,  the  Du  increased  (Fig.  6)  with  increasing 
microwave  power. 

In  order  to  find  out  the  fiat-band  voltage  shift,  we 
studied  the  C-V  characteristics  before  and  after  bias- 
temperature  stress.  Fig.  7,  AV  is  defined.  The  C-V 


Microwave  power  (W) 

Fig.  8.  AV  versus  microwave  power. 

characteristics  observed  initially  are  marked  by  (a),  while 
those  observed  after  30  min  at  180  °C,  with  Vg  (gate  volt¬ 
age)  =  -1-5  V,  are  marked  by  (b).  Mark  (c)  denotes  the 
C-V  curve  after  30  min  at  180  °C  with  Vg  =  —5  V  ap¬ 
plied.  We  define  the  difference  between  (b)  and  (c)  as 
AV.  Fig.  8  shows  plot  of  AV  versus  microwave  power. 
AV  increased  with  increasing  microwave  power.  From 
figures  7  and  8,  the  positive  ions  are  accumulated  in  the 
bulk  of  the  oxide.  Matsuo  et  al.  [15]  reported  that  the 
negative  potential  generated  by  the  divergent  magnetic 
field  as  a  function  of  the  distance  from  the  plasma  ex¬ 
traction  window.  The  negative  potential  increases  with 
decreasing  the  magnetic  field  intensity.  The  energy  of 
the  ion  is  about  20  eV  at  the  position  of  the  substrate. 
Friedel  et  al.  [16]  also  reported  that  the  positive  ions  cre¬ 
ate  over  12  eV  in  an  oxygen  plasma.  Chau  et  al.  [6]  re¬ 
ported  that  the  emission  intensities  of  the  C>2+  increase 
with  increasing  input  power  at  10  mTorr.  No  neutral 
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oxygen  molecular  emission  has  been  detected  at  a  high 
input  power.  From  these  reports,  it  is  supposed  that  the 
many  positive  ions  (O2"*"  or  0+)  created  in  the  plasma 
region  and  then  the  positive  ions  accelerated  to  the  sub¬ 
strate  due  to  the  negative  potential.  An  increasing  of 
microwave  power  may  result  an  increasing  of  (>2+  or  0+ 
ions  in  the  deposition  chamber.  Therefore  the  energetic 
ion  flux  reaching  substrates  may  also  be  increased  with 
increasing  microwave  power.  Consequently,  the  02+  or 
0+  ions  are  injected  the  oxide  films.  From  these  rea¬ 
sons,  it  is  supposed  that  the  C>2+  or  0+  ions  increase 
with  increasing  microwave  power  in  the  bulk  of  the  oxide 
films.  The  flat-band  voltage  shift  of  the  dependence  of 
microwave  power  is  supposed  to  be  originated  from  a  ac¬ 
cumulation  of  positive  ions  in  the  bulk  of  oxide  films  due 
to  the  C>2+  or  0+  ions.  The  low  ion  energy  is  important 
to  avoid  positive  ions  in  the  oxide  films  so  that  high  qual¬ 
ity  oxide  can  be  obtained.  We  can  not  determine  which 
effect  is  most  dominant  for  flat-band  voltage  shift  and 
which  deposition  conditions  get  rid  of  these  positive  ions 
in  the  bulk  of  oxide.  Further  studies  are  required  about 
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Fig.  10.  Du  versus  E  —  Ev. 
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Fig.  11.  Current  voltage  characteristics  of  SiC>2  film. 

flat-band  voltage  shift  and  optimal  deposition  conditions. 

Figure  9  shows  the  best  high-frequency  (1  MHz)  and 
low-frequency  (10  Hz)  C-V  characteristics  measured  in 
this  study  on  a  MOS  capacitor.  The  Djt  spectrum  cal¬ 
culated  from  the  high-low  frequency  curves  of  Fig.  9 
is  shown  in  Fig.  10,  which  shows  a  minimum  Da  val¬ 
ue  of  lxlO10  eV-1cm-2  around  the  midgap.  This  val¬ 
ue  is  comparable  to  thermally  grown  oxides  at  high- 
temperatures.  A  low  Dit  value  of  1.1  xlO10  eV-1cm-2 
was  reported  by  Chen  et  al .  [17].  Their  investigation, 
direct  plasma-enhanced  (PE)  CVD  in  conjunction  with 
a  photo- assisted  anneal  was  used  to  achieve  low  Da  in 
MOS  capacitor.  They  used  p-type  (100)  silicon  wafers. 
In  comparison  with  our  study,  we  obtained  a  lower  value 
of  Da  than  Chen  et  al.  because  we  used  (111)  Si  wafers 
in  this  study. 

Figure  11  shows  the  best  current- voltage  characteris¬ 
tics  of  Si02  films  deposited  at  200  W.  The  breakdown 
field  is  defined  as  the  electric  field  that  will  introduce 
1  fiA  leakage  current  across  the  MOS  capacitor.  The 
breakdown  field  was  about  11.3  MV/cm.  The  breakdown 
field  for  this  oxide  film  is  comparable  to  thermally  grown 
oxide  at  high-temperature. 

IV.  CONCLUSIONS 

The  electrical  and  structural  properties  of  Si02  films 
were  investigated  as  a  function  of  microwave  power. 
The  films  were  deposited  by  ECR  plasma  CVD  method. 
The  refractive  index  ranging  from  1.45  to  1.48  was  ob¬ 
tained.  From  the  FT-IR  spectroscopy,  the  presence  of  a 
stretching  mode  (1065  cm-1),  bending  mode  (812  cm-1) 
and  rocking  mode  (450  cm-1)  of  Si-0  bonds  were  ob¬ 
served  in  silicon  oxide  films.  The  oxygen  to  Si  ratio  was 
1.88~2.12  throughout  the  films.  Interface  trap  densi¬ 
ty  and  flat-band  voltage  increased  with  increasing  mi¬ 
crowave  power.  The  interface  trap  density  was  10  1011 

eV-1cm-2.  From  the  C-V  characteristics  before  and  af- 
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ter  bias- temperature  stress,  there  are  positive  ions  ac¬ 
cumulated  in  the  bulk  of  the  oxide.  The  existence  of 
positive  ions  in  the  Si02  films  is  highlighted  in  this 
study.  The  positive  ions  increase  with  increasing  mi¬ 
crowave  power  and  the  interface  trap  density  increase 
with  increasing  the  positive  ions.  In  the  deposition  cham¬ 
ber,  many  positive  ions  with  high  kinetic  energy  impact 
and  damage  to  the  film  surface.  And  then,  some  of  these 
positive  ions  drive  in  the  Si02  films.  In  order  to  obtain 
high  quality  Si02  films,  the  kinetic  energy  of  the  positive 
ions  is  reduced.  That  is,  the  ECR  plasma  CVD  oxide 
is  deposited  at  low  microwave  power.  The  best  break¬ 
down  field  and  Du  value  achieved  in  this  study  was  11.3 
MV/cm  and  lxlO10  eV^cm"*2.  This  sets  a  new  record 
for  the  lowest  Du  in  ECR  plasma  CVD  oxides  fabricated 
to  date. 
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The  Co— silicides  were  formed  from  Co(200  A)/Ti(100  A)  bilayer  on  the  BF2  +  ion  implanted  Si 
substrates  by  the  rapid  thermal  annealing  process  and  evaluated  in  terms  of  the  sheet  resistances, 
the  cross-sectional  morphologies,  the  crystallinites  and  the  atomic  species  distributions.  The  stable 
CoSb  crystal  phases  were  obtained  at  the  annealing  temperature  of  700  °C  for  20  seconds  and 
the  sheet  resistances  were  decreased  from  48.5  f I/O  to  4.7  O/O  according  to  the  increase  of  the 
annealing  temperature  from  600  °C  to  800  °C.  In  the  fabrication  of  the  p+-n  shallow  junction 
diodes,  the  Co(120  A)/Ti(40  A)  bilayer  was  used  to  reduce  the  silicide  thickness  up  to  500  A.  From 
the  SIMS  analysis  results,  we  found  that  the  emitter  junction  depth  including  silicide  layer  was 
about  0.14  pm.  The  p+-Si/silicide/Al  structure  exhibited  the  Kelvin  resistance  of  1.2  ft  through  the 
contact  area  of  10x10  pm2  and  the  specific  contact  resistance  of  1.2xl0-6  ft -cm2.  The  application 
of  Co/Ti  bilayer  silicide  contact  on  the  p+-n  ultra  shallow  junction  resulted  in  the  improvement  of 
ideality  factor  as  well  as  the  reduction  of  source-drain  sheet  resistance  and  specific  contact  resistance. 


I.  INTRODUCTION 

With  continued  scaling  to  the  submicron  dimension 
in  the  metal-oxide-semiconductor  (MOS)  devices,  ultra 
shallow  junctions  with  junction  depth  of  Xj<0.15  pm 
have  been  studied  tremendously  [1,2].  In  order  to  achieve 
the  high  performance  device,  it  is  necessary  to  develop 
optimum  process  resulting  in  a  low  ohmic  contact  and 
low  sheet  resistance  in  the  source-drain  region  with  good 
thermal  stability. 

As  the  design  rules  are  becoming  strict  in  the  MOS  de¬ 
vices,  the  parasitic  resistance  in  the  source-drain  region, 
the  resistance  of  interconnection  line  and  the  contact  re¬ 
sistance  between  metal  and  semiconductor  may  interrupt 
with  the  stable  operation  of  VLSI  devices  [3,4]. 

Salicide(self-aligned  silicide)  [5-7]  is  known  to  the 
promising  technique  to  form  ultra  shallow  junction  by 
metal-silicon  reaction  and  adopted  for  the  shallow  junc¬ 
tion  technology  to  reduce  the  sheet  resistance  of  the 
source-drain  region  with  contact  reliability. 

Among  various  metal  silicides,  TiSh  and  CoSi2  seems 
to  be  more  promising  materials  because  of  their  low  re¬ 
sistivity  and  good  thermal  stability  [8-12].  In  addition, 
CoSi2  has  desirable  properties  like  lattice  matching  with 
Si  and  suppression  of  metal-dopant  compound  forma¬ 
tion,  reducing  the  risk  of  reaction  with  oxide  films.  It 
is  generally  recognized  that  the  silicide  formation  de¬ 
pends  on  the  reaction  conditions  such  as  metal  thickness, 


annealing  temperature  and  ambient  atmosphere.  How¬ 
ever,  some  major  problems  such  as  silicon  consumption 
during  metal/silicon  reaction,  dopant  redistribution  and 
evaporation  in  the  silicide  are  limited  to  the  widespread 
applications  [13,14], 

In  this  paper,  the  ultra  shallow  junction  diodes  with 
cobalt  silicide  contact  were  prepared  by  Salicide  tech¬ 
nology  using  Co/Ti  bilayer  and  the  crystallinities  of  Co- 
silicides,  the  dopant  profiles  and  electrical  properties  of 
the  diodes- were  investigated  in  view  of  possible  applica¬ 
tions  in  the  semiconductor  devices. 

II.  EXPERIMENTAL  PROCEDURE 

1.  Formation  of  CoSh 

Co-silicides  were  formed  on  the  BF^  ion-implanted 
substrate  and  evaluated  the  crystalline  and  electrical 
properties  as  well  as  the  cross-sectional  morphologies  and 
the  atomic  species  distributions. 

Phosphorous  ions  were  implanted  with  the  dose  of 
3.4 xlO13  cm"2  at  150  keV  on  the  p-type  (100)  Si  wafers 
with  resistivity  of  1~10  ft  cm  to  form  n-well  region.  After 
the  drive-in  process  at  1150  °C  for  3  hours,  the  source- 
drain  region  wa s  formed  by  implanting  BF^  with  the 
dose  of  5x  1015  cm-2  at  30  keV.  For  the  formation  of  Co- 
silicide,  the  Co/Ti  (thickness :200  A/100  A)  bilayers  were 
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deposited  by  the  E-beam  evaporation  at  the  base  pres¬ 
sure  of  4xl0“6  Torr.  The  silicidation  was  accomplished 
by  the  rapid  thermal  annealing  (RTA)  in  N2  ambient  at 
the  temperatures  ranging  from  600  °C  to  850  °C  for  20 
seconds.  The  unreacted  metals  on  the  silicidation  pro¬ 
cess  were  removed  by  selective  etching  in  the  solutions  of 
HC1:H202=3:1  and  NH40H:H202:H20=1:1:5.  To  inves¬ 
tigate  the  thermal  stability  for  the  silicides,  the  as-formed 
layers  were  post- annealed  at  850  °C~1000  °C  for  30  min¬ 
utes  in  the  furnace  under  N2  ambient. 

2.  Formation  of  the  Junction  Diodes 

The  p+-n  ultra  shallow  junction  diodes  with  CoSi2  con¬ 
tact  were  fabricated  by  the  implantation  of  BF^  on  the 
n-well  and  the  silicidation  of  Co(120  A)/Ti(40  A)  bilay¬ 
er  films  to  make  the  shallow  junction  with  the  depth  of 
below  0.15  \i m.  After  the  BF2  ion  implantation  on  the  n- 
well,  a  Si02  layer  with  the  thickness  of  4500  A  was  formed 
by  chemical  vapor  deposition  (CVD).  The  Si  mesa  etch¬ 
ing  was  performed  to  form  the  base  contact  region  and 
oxidation  was  followed  at  800  °C  for  30  minutes  under 
wet  02  ambient.  Subsequently,  the  CVD  oxide  layer  on 
the  emitter  window  was  removed  for  the  opening  of  the 
silicided  area.  The  Co/Ti  bilayer  was  deposited  on  the 
substrate  and  the  silicidation  was  accomplished  at  800 
°C  for  20  seconds  by  the  RTA  process.  The  unreacted  Ti 
and  Co  were  removed  in  the  selective  etching  solutions 
as  mentioned  above  1.  Finally,  aluminum  was  deposited 
on  the  opened  contact  windows  to  form  junction  elec¬ 
trodes.  The  fabrication  flow  chart  of  the  p+-n  shallow 
junction  diode  was  shown  in  Fig.  1.  Fig.  2  shows  the 
cross-sectional  view  of  the  fabricated  diode. 

The  sheet  resistances  were  measured  by  four  point 
probe  method.  The  crystal  phases  of  Co-silicides  were 
studied  by  X-ray  diffraction  (XRD)  analysis.  The  cross- 
sectional  views  of  the  silicides  layers  were  investigated  by 
transmission  electron  microscopy  (TEM).  Auger  electron 


Fig.  2.  Cross-section al  view  of  the  fabricated  diode. 

microscopy  (AES)  and  secondary  ion  mass  spectroscopy 
(SIMS)  were  used  to  measure  the  dopant  profiles.  The 
specific  contact  resistance  and  the  current-voltage  char¬ 
acteristics  of  the  fabricated  diode  were  measured  by  the 
Kelvin  test  resistor  and  the  HP4145B  semiconductor  pa¬ 
rameter  analyzer. 

III.  RESULTS  AND  DISCUSSION 

As  the  preliminary  experiments  before  the  diode  fabri¬ 
cation,  we  investigted  the  crystalline  and  electrical  prop¬ 
erties  of  the  Co-silicides  obtained  from  Co(200  A)/Ti(100 
A)  bilayer  to  find  out  the  optimum  silicidation  condition. 

Fig.  3  shows  the  X-ray  diffraction  patterns  of  the 
Co/Ti  bilayer  silicides  annealed  at  the  temperatures  of 
600  °C,  700  °C,  800  °C  and  850  °C  in  N2  ambient.  The 
XRD  analysis  showed  that  stable  CoSi2  crystal  phases 
were  obtained  at  the  annealing  temperatures  of  above  700 
°C  with  higher  peaks  according  to  the  increase  of  the  an¬ 
nealing  temperature.  At  600  °C,  there  was  no  crystalline 
phases  showing  amorphous  phase  due  to  the  low  anneal- 
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Fig.  1.  Flow  chart  of  the  diode  fabrication. 


Fig.  3.  XRD  patterns  of  the  Co(200  A)/Ti(100  A)  bilayer 
silicides  annealed  at  600  °C,  700  °C,  800  °C  and  850  °C  for 
20  seconds  in  N2  ambient. 
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Fig.  4.  The  change  of  the  sheet  resistances  for  Co/Ti  bilay¬ 
er  silicides  as  a  function  of  the  RTA  annealing  temperatures. 

ing  temperature.  It  has  been  known  that  Co  atoms  with 
high  diffusion  coefficient  are  reversed  with  Ti  atoms  in 
position  during  silicidation  process  and  Ti  atoms  makes 
the  Si  surface  clean  by  removing  the  native  oxide  [15,16]. 

Fig.  4  shows  the  change  of  the  sheet  resistances  for 
the  Co/Ti  bilayer  silicides  as  a  function  of  RTA  anneal¬ 
ing  temperature.  The  sheet  resistances  were  decreased 
from  48.5  £}/□  to  4.7  Q/n  as  the  annealing  temperature 
were  increased  from  600  °C  to  800  °C.  The  large  sheet 
resistances  at  the  temperature  below  700  °C  may  be  as¬ 
cribed  to  the  amorphous  phases  as  shown  in  Fig.  3. 

Fig.  5  shows  the  cross-sectional  TEM  micrographs  (a) 
before  and  (b)  after  the  silicidation  of  Co/Ti  bilayer  at 
800  °C  for  20  seconds.  The  thickness  of  the  silicided  film 
was  about  600  A  and  the  boundary  of  silicide/Si  interface 
was  very  flat. 

To  investigate  the  atomic  species  of  the  silicided  re¬ 
gion,  the  AES  analysis  was  performed.  The  AES  depth 
profiles  before  aind  after  the  silicidation  of  Co/Ti  bilayer 


(a)  (b) 

Fig.  5.  Cross-sectional  TEM  micrographs  (a)  before  and 
(b)  after  the  silicidation  of  Co/Ti  bilayer  at  800  °C  for  20 
seconds. 
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Fig.  6.  AES  depth  profiles  (a)  before  and  (b)  after  the  sili¬ 
cidation  of  Co/Ti  bilayer  at  800  °C  for  20  seconds. 


were  shown  in  Fig.  6.  The  Co-Ti-Si  compounds  ap¬ 
peared  at  the  surface  region  of  the  silicided  film,  while 
Co-Si  atoms  were  only  distributed  between  surface  re¬ 
gion  and  Si  substrate.  This  explains  that  the  silicide 
obtained  from  Co/Ti  bilayer  is  a  pure  Co-silicide  (CoSh) 
on  the  Si-silicide  interface.  In  the  Co/Ti  bilayer  before 
silicidation,  atomic  species  were  discriminated  clearly  at 
the  interfaces  without  any  interaction  of  layers  as  shown 
in  Fig.  6(a).  The  as-formed  silicide  films  were  post- 
annealed  at  the  high  temperatures  ranging  from  850  °C 
to  1000  °C  to  investigate  the  thermal  instabilty. 

Fig.  7  shows  the  sheet  resistances  changes  of  the  post- 
annealed  silicide  films  accoring  to  the  various  annealing 
conditions.  There  was  no  significant  change  in  the  sheet 
resistances  for  the  silicided  films  after  the  high  tempera¬ 
ture  annealing  at  850  °C  and  900  °C  for  30  minutes.  On 
the  other  hand,  the  sheet  resistance  was  increased  with¬ 
in  5  %  in  the  post-annealed  sample  at  1000  °C  for  30 
minutes.  From  these  results,  it  may  be  concluded  that 
the  Co/Ti  bilayer  silicides  fabricated  in  this  process  have 
a  good  thermal  stability.  For  the  application  of  shallow 
junction  diodes  with  the  junction  depth  below  0.15  /im, 
Co(120  A)/Ti(40  A)  bilayer  film  was  used  to  reduce  the 
silicide  thickness  up  to  500  A. 

After  the  silicidation  and  post-annealing,  the  silicide 
layers  were  removed  off  by  BOE  solution  to  mesure  the 
junction  depth  and  investigate  the  boron  concentration 
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Fig.  7.  The  sheet  resistance  changes  of  the  post-annealed 
silicide  films  accoring  to  the  various  annealing  conditions. 
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Fig.  8.  SIMS  boron  depth  profiles  after  removing  the  sili¬ 
cide  layers. 


at  the  silicide/silicon  interface.  The  SIMS  boron  depth 
profiles  after  removing  silicide  layers  are  shown  in  Fig. 
8.  The  boron  concentration  at  the  surface  was  about 
6xl019  cm“3  and  the  junction  depth  was  about  0.09  fi m 
at  the  boron  concentration  of  1  x  1018  cm"3  in  the  n-well 
region.  From  these  profiles,  we  found  that  the  emitter 
junction  depth  including  the  silicide  layer  of  500  A  was 
about  0.14  fim. 

Fig.  9  shows  the  cross-sectional  TEM  micrograph  of 
the  silicided  film  in  the  junction  diode.  From  TEM  micro¬ 
graph,  the  thickness  of  silicide  was  about  500  A  showing 
the  interfacial  roughness  of  about  20  %. 

Fig.  10  shows  the  sheet  resistances  measured  at  various 
process  steps  in  the  diode  fabrication.  The  sheet  resis¬ 
tances  of  the  as-implanted  and  the  pre-annealed  samples 
were  about  230  Q/O  and  175  £}/□,  respectively.  When 
the  sample  was  silicided,  the  sheet  resistance  was  great- 


Fig.  9.  Cross-sectional  TEM  micrographs 
films  in  the  junction  diode. 


of  the  silicided 


Fig.  10.  The  sheet  resistances  measured  at  various  process 
steps  in  the  diode  fabrication. 


ly  decreased  to  about  7.9  Q/O.  There  was  no  distinct 
change  in  the  sheet  resistance  after  the  post-annealing  at 
850  °C  for  30  minutes.  It  is  considered  that  this  good 
thermal  stability  may  be  related  to  the  epitaxial  growth 
of  the  Co-silicide  films. 

Fig.  11  shows  I-V  characteristic  curves  of  the  fabricat¬ 
ed  diodes  (a)  with  silicide  layer  and  (b)  without  silicide 
layer  in  the  conventional  diode.  The  diode  with  silicide 
layer  exhibited  the  ideality  factor  of  1.06  and  the  leakage 
current  of  8.6  fi A/ cm2  under  the  reverse  bias  of  3  V.  In 
addition,  p+-Si/silicide/Al  structure  showed  the  Kelvin 
resistance  of  1.2  Q  through  the  contact  area  of  10x10  fim2 
and  the  specific  contact  resistance  of  1.2xl0“6  Q  •  cm2. 
On  the  other  hand,  the  conventional  p+-n  diode  exhib¬ 
ited  the'  ideality  factor  of  1.23,  the  specific  contact  resis¬ 
tance  of  l.OxlO-5  Q  •  cm2  and  the  leakage  current  of  5.0 
/iA/cm2  at  the  reverse  bias  of  3  V.  The  application  of 
Co/Ti  bilayer  silicide  resulted  in  the  improvement  of  the 
ideality  factor  as  well  as  the  reduction  of  emitter  sheet 
resistance  and  the  specific  contact  resistance,  while  it  led 
to  a  little  increase  of  the  leakage  current. 

The  increase  of  the  leakage  current  may  be  caused  by 
the  surface  defects  due  to  the  mesa  structure  and  the  poor 
quality  of  protective  oxide  layer.  It  is  expected  that  the 
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Fig.  11.  I-V  characteristics  of  the  fabricated  diodes  (a)  with 
silicide  layer  and  (b)  without  silicide  layer  in  the  conventional 
diode. 


leakage  current  of  the  silicided  diodes  can  be  minimized 
if  the  device  has  the  planar  structure  and  the  thermal 
oxide  as  the  passivation  layer. 

IV.  CONCLUSIONS 

Co-silicides  were  formed  on  the  BF^  ion-implanted 
substrate  by  RTA  process  and  evaluated  in  terms  of  the 
sheet  resistances,  the  cross-sectional  morphologies,  the 
crystallinities  and  the  atomic  species  distributions.  The 
stable  CoSi2  crystal  phases  were  obtained  at  the  RTA 
annealing  temperature  of  700  °C  for  20  seconds  and  the 


sheet  resistances  were  decreased  from  48.5  Q/D  to  4.7 
O/D  as  the  annealing  temperatures  were  increased  from 
600  °C  to  800  °C.  In  the  diode  structure,  the  thickness 
of  silicide  layer  was  about  500  A  showing  the  interfacial 
roughness  of  about  20  %.  From  the  SIMS  boron  profiles, 
we  found  that  the  emitter  junction  depth  including  sili¬ 
cide  layer  was  about  0.14  /im.  The  diode  with  silicide 
layer  exhibited  the  ideality  factor  of  1.06  and  the  leak¬ 
age  current  of  8.6  //A/cm2  under  the  reverse  bias  of  3  V. 
The  p+-Si/silicide/Al  structure  exhibited  the  Kelvin  re¬ 
sistance  of  1.2  Q  through  the  contact  area  of  10x10  // m2 
and  the  specific  contact  resistance  of  1.2  xlO-6  O  •  cm2. 
The  application  of  Co/Ti  bilayer  silicide  resulted  in  the 
improvement  of  the  ideality  factor  as  well  as  the  reduc¬ 
tion  of  the  emitter  sheet  resistance  and  the  specific  con¬ 
tact  resistance. 
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We  have  investigated  effects  of  attractive  potential  between  ultra-low  energy  boron  and  silicons 
using  molecular  dynamics  simulation.  For  B-Si,  we  use  the  Stillinger- Weber  (SW)-type  interatomic 
potential.  For  strong  repulsive  interaction  at  short  interatomic  distance,  we  use  the  Ziegler,  Biersack, 
and  Littmark  (ZBL)  potential  with  the  repulsive  part  of  the  term  being  spiined  to  SW-type  B- 
Si  potential.  Molecular  dynamics  simulation  using  proposed  potential  revealed  more  scattering 
angles  than  that  using  ZBL,  since  collision  time  using  proposed  potential  was  longer  than  that 
using  ZBL.  Because  thin  films  by  low  energy  ion  beams  have  been  important  to  fabricate  gigantic- 
scale-integragted  (GSI)  devices,  molecular  dynamics  study  about  ion  beam  processes  should  include 
attractive  potential.  At  1000  K  1300  K,  calculated  diffusivities  nearly  were  10  7  cm2/s  and 
Arrhenius  relationship  with  temperature.  In  the  beginning  of  annealing,  boron  diffusivities  were 
very  high,  since  the  damages  formed  by  ion  implant  were  rapidly  dissolved,  many  Si  interstitials  are 


generated,  and  borons  are  swiftly  diffused. 


I.  INTRODUCTION 

There  have  been  a  lot  of  studies  on  ion  implantation 
which  is  important  in  semiconductor  processes,  because 
shallow  junction  for  advanced  semiconductor  devices  are 
nowadays  fabricated  by  ion  implant.  It  is  predicted  that 
MOS  devices  will  have  50  nm  channel  length  and  20  nm 
junction  depth  in  2012.  Thus,  the  molecular  dynamics 
(MD)  method  is  well-suited  for  studying  the  collision  cas¬ 
cades  and  the  mechanisms  of  damage  production  both 
in  bulk  and  close  to  the  surface,  and  has  been  exten¬ 
sively  applied  in  studies  of  ion-beam  [1—9].  In  classi¬ 
cal  MD,  the  quality  of  results  obtained  by  simulations 
depends  on  the  quality  of  the  model  potential  used.  For 
the  dopant  ion  implant  simulation,  Ziegler,  Biersack,  and 
Littmark  (ZBL)  universal  screening  Coulomb  repulsive 
potential  [10]  has  been  widely  used  in  describing  interac¬ 
tions  between  ion  and  target  atoms. 

As  the  device  dimensions  shrink,  the  importance  of 
ultra-low  energy  ion  beams  is  being  increased.  At  the 
low  range  of  impact  energies,  Hanson  et  til.  investigat¬ 
ed  that  a  screened  Coulomb  potential  was  not  necessary 
to  describe  the  steep  repulsive  interaction  at  small  sep¬ 
arations  [11].  Most  of  the  simulations  considering  at¬ 
tractive  potential  and  repulsive  potential  have  been  the 
cases  of  self  atom  primary  kick-on  atom  (PKA)  simu¬ 
lation  [12-14],  but  the  earlier  works  of  dopant  implant 
did  not  consider  attractive  interatomic  potential  ener¬ 
gy  [5,8,12].  At  ultra-low  energy  ion  beams  processes, 
however,  collision  cascades  can  be  sensitively  dependent 


on  the  attractive  potential. 

In  this  paper,  we  propose  the  interatomic  potential  be¬ 
tween  boron  and  silicon  and  perform  the  molecular  dy¬ 
namics  simulation.  Differences  between  results  of  pro¬ 
posed  potential  and  results  of  ZBL  repulsive  potential 
are  compared.  We  also  calculate  boron  diffusivities  in 
the  beginning  of  annealing. 

II.  INTERATOMIC  POTENTIAL  MODEL 
AND  MOLECULAR  DYNAMICS 

For  Si-Si,  we  use  well- tested  Stillinger- Weber  (SW)  po¬ 
tential  [15]  with  spline  data  by  Gartner  et  al.  [16]  We 
simulate  ultra-low  energy  boron  ion  implantation  con¬ 
sidering  B-Si  attractive  potential,  and  compared  results 
using  proposed  potential  with  results  using  ZBL.  Inter¬ 
action  between  boron  and  silicon  is  approximated  to  two- 
body  term.  For  B-Si,  we  use  the  Stillinger- Weber-type 
interatomic  potential  from  Ref.  17.  For  strong  repul¬ 
sive  interaction  at  short  interatomic  distance,  we  use  the 
ZBL  potential  with  the  repulsive  part  of  the  term  being 
spiined  to  SW-type  B-Si  potential,  since  repulsive  term  of 
SW-type  interatomic  potential  is  bad  at  short  distance. 
Interatomic  potentials  in  this  paper  is  defined  as 

(Vzbl  ,  r  <r\ 

a  +  /?r  +  jr2  +  6r3}  ri<r<r2 

^(B(§-)p-(S-)?)exP(7-a)-1>  r2<r<aa 
0,  r  >  <ra 

(1) 
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Table  1.  Parameters  in  Eq.  (1)  for  Si-Si  and  Si-B,  respec¬ 
tively. 


Si-Si 

Si-B 

A 

45.5075  eV 

40.8000  eV 

7 

1.200000 

1.866938 

cos#* 

i 

3 

0.4212354 

A 

15.2764  eV 

24.2407  eV 

B 

0.602240 

0.708769 

P 

4.000000 

5.996808 

q 

0 

4.292831 

<7 

2.09510  A 

2.38703  A 

a 

1.800000 

1.861019 

Tl 

1.2107  A 

1.4009  A 

T2 

1.8454  A 

2.25057  A 

a 

335.0594  eV 

53.02835  eV 

i3 

-492.3905  eV  A-1 

-44.9923  eV  A-1 

7 

244.5280  eV  A-2 

7.56818  eV  A-2 

6 

-41.2347  eV  A'3 

0.66877  eV  A-3 

where  r  is  distance  between  two  atoms,  and  Vzbl  is  the 
ZBL  universal  screened  Coulomb  repulsive  potential  fol¬ 
lowing  as 

Vzbl{t )  =  —  Z^e  g  Ci  exp  (-di (2) 

t  =  l 

with  C!  =  0.2817,  c2  =  0.28022,  c3  =  0.50986, 
c4  =  0.18175,  di  =  0.20162,  d2  =  0.40290,  d3  = 
0.94229,  d4  =  0.319980,  and  the  screening  length  a  = 
0.46850  A/(Zi  23  +  Zrj'23).  The  complete  descriptions  of 
the  SW  and  ZBL  potentials  are  given  in  Ref.  15  and  Ref. 
10,  respectively.  The  other  parameters  in  Eq.  (1)  are 
shown  in  Table  1. 

For  the  electronic  stopping  power,  we  use  a  simple 
Lindhard  electronics  stopping  power  model  [19].  In  this 
model,  the  losses  are  described  as  a  simple  drag  force  ap¬ 
plied  as  a  damping  of  atomic  velocity.  Thus,  the  classical 
equations  of  motion  are  modified  as 


F  =  miXi-j3xi  (3) 

where  x  is  atom  position  and  f3  is  given  the  Lindhard 
theory  as 


KNZl/6Z2 

{z\lz  +  z22/3)3/2 


(4) 


where  Z\  is  the  atomic  number  of  the  projectile,  Z2  the 
atomic  number  of  the  target,  K  =  0.857  (eV1/2A2),  and 
N  the  target  density.  At  the  start  of  simulations,  the 
bulk  lattice  silicon  atoms  are  given  an  initial  velocity 
corresponding  to  temperature.  Velocity  distribution  is 
assumed  Maxwell-Gaussian  distribution.  A  constraint 
method  is  used  for  maintaining  a  set  of  particles  at  con- 


Fig.  1.  Potential  energy  variation  with  time  after  projectile 
using  proposed  potential  and  ZBL.  (a)  in  the  case  of  100  eV 
and  (b)  in  the  case  of  300  eV. 


stant  temperature,  and  the  simplest  method  is  to  scale 
the  velocities  at  each  time  step  by  a  factor  of 


where  T  is  the  current  kinetic  temperature  at  T0,  the 
desired  temperature  [20].  In  order  to  reduce  the  calcu¬ 
lation  time,  we  use  the  energetic  particle  approximation 
method  [21].  Implanted  ion  stops  when  total  energy  of 
ion,  which  is  ion  kinetic  energy  added  to  ion  potential 
energy,  is  below  5  eV. 
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III.  RESULTS  AND  DISCUSSIONS 

1.  Ultra-Low  Energy  Boron  Ion  Implantations  in 
Silicon 

In  the  cases  of  boron  ion  implant,  Si  penetration 
threshold  energy  is  50  eV.  Therefore,  we  simulate  50 
eV  ~  1  keV  energy  boron  ion  implantation.  We  com¬ 
pare  results  using  of  proposed  potential  with  that  using 
ZBL.  Figure  1  shows  potential  energy  variation  with  time 
after  projectile  using  proposed  potential  and  ZBL.  Fig¬ 
ure  1(a)* is  the  cases  of  100  eV  and  Fig.  1(b)  the  cases 
of  300  eV.  Ion  movement  time  with  proposed  potential 
is  usually  longer  than  only  with  ZBL,  since  energy  loss¬ 
es  are  less  with  proposed  potential  than  only  with  ZBL. 
We  have  more  impact  energy  losses  and  shorter  period 
only  with  ZBL  than  with  proposed  model  including  the 
attractive  potential. 

Figures  2  and  3  show  implanted  profiles  with  implant 
energy.  Figure  2  compares  profiles  only  using  ZBL  with 
that  using  proposed  potential  with  50  eV,  100  eV,  and 
200  eV  energy,  respectively.  Figure  3  shows  profiles  of 
400  eV  and  500  eV  with  the  type  of  potential.  Through 
the  Figs.  2  and  3,  tail  profiles  are  deeper  in  the  results 
using  ZBL  than  in  the  results  using  proposed  potential. 
The  reason  of  above  results  are  that  attractive  potential 
induced  the  dechanneling  effects,  although  energy  loss¬ 
es  are  less  with  proposed  potential  than  only  with  ZBL. 
When  boron  collides  with  silicons,  collision  time  becomes 
longer  by  attractive  potential,  and  therefore  scattering 
angles  become  larger.  Interatomic  interactions  are  usu¬ 
ally  divided  into  physical  interaction  and  chemical  inter¬ 
action.  Collisions  between  energetic  particles  are  domi¬ 
nated  by  physical  interaction.  However  the  less  energy 


o 

& 
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t 
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Fig.  3.  Comparison  profiles  only  using  ZBL  with  that  using 
proposed  potential  with  400  eV  and  500  eV. 


of  particle  is,  the  more  increases  the  effect  of  chemical 
interaction  [22].  In  order  to  form  ultra-shallow  junction 
and  thin  films  to  fabricate  future  nano-structure  semicon¬ 
ductor  devices,  importance  of  below  500  eV  ion  beams 
processes  is  increased.  Therefore,  attractive  potential 
should  be  considered  in  molecular  dynamics  simulations 
for  ultra-low  energy  ion  beam  processes,  since  effect  of 
chemical  interaction  increases  in  the  cases  of  ultra-low 
energy  ion  beam  processes. 


2.  Ultra-Low  Energy  Boron  Ion  Implantations  in 
Silicon 


Fig.  2.  Comparison  profiles  only  using  ZBL  with  that  using 
proposed  potential  with  50  eV,  100  eV,  and  200  eV,  respec- 
tively. 


1  keV  boron  ion  implant  profile  is  initial  condition  for 
transient  enhanced  diffusion  (TED)  simulation.  We  sim¬ 
ulate  annealing  during  100  ps.  Diffusion  coefficient  is 
calculated  by  the  following  equation 

£>  =  £><(<)- n(0)]2/6t  (6) 

* 

where,  t  is  annealing  time,  r,(0)  initial  positions,  and 
r,*(tf)  positions  after  t  seconds. 

Figure  4  shows  boron  diffusion  coefficient  calculated  by 
Eq.  (4)  from  1000  K  to  1300  K.  In  the  paper,  diffusion 
coefficients  calculated  are  almost  10”7  cm2/s  and  Ar¬ 
rhenius  relationships  with  temperature.  Boron  diffusivi- 
ties  of  TED  have  been  measured  with  following  methods. 
Boron  6-layer  has  been  formed  by  methods  as  molecular 
beam  epitaxy  (MBE)  etc.  Damages  are  generated  by  sil¬ 
icon  self  ion  implantation.  Then  diffisivities  have  been 
measured  by  dopant  profiles  after  annealing.  Thus  mea¬ 
sured  diffusivities  are  almost  10” 14  cm2/s  [23].  Differ¬ 
ence  between  measured  diffusivities  and  calculated  diffu- 
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Fig.  4.  In  the  beginning  of  annealing,  boron  transient  en¬ 
hanced  diffusion  coefficient  calculated  by  Eq.  (4)  from  1000 
K  to  1300  K. 


Depth  (Angstroms) 

Fig.  5.  At  1000  K  and  1300  K,  Boron  profiles  after  anneal¬ 
ing  during  100  ps. 

visities  in  the  paper  is  appeared,  because  we  simulated 
just  in  the  beginning  of  annealing  and  boron  trapping 
and  clustering  decreasing  diffusion  is  not  considered.  Ef¬ 
fects  of  Boron  trapping  and  clustering  will  be  investi¬ 
gated  by  long  time  molecular  dynamics  simulation.  In 
the  beginning  of  annealing,  damages  caused  by  ion  im¬ 
plantations  are  rapidly  relaxed  and  therefore  diffusivities 
is  larger  than  mean  diffusivities  during  whole  annealing 
duration.  Because  atomic  mass  of  boron  is  smaller  than 
that  of  silicon,  silicon  interstitials  kick-out  substitutional 
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borons  in  lattice  points  and  occupy  those  points.  The 
amorphous-like  pocket  produced  by  collision  cascades  is 
dissolved  in  the  beginning  of  annealing,  then  many  silicon 
interstitials  are  generated,  and  that  interstitials  interact 
boron  dopants.  Therefore,  boron  diffusivities  in  the  be¬ 
ginning  of  annealing  is  larger  than  mean- diffu visities,  be¬ 
cause  there  are  a  lot  of  silicon  interstitials  and  boron 
dopants  are  swiftly  diffused  by  interstitialcy  mechanism. 
Figure  5  shows  boron  profiles  with  annealing  tempera¬ 
ture.  It  is  shown  that  peak  value  of  profile  decreases 
after  annealing. 

Through  simulated  results,  we  found  that  in  the  begin¬ 
ning  of  annealing  at  high  temperature,  boron  transient 
diffusion  coefficient  is  very  high.  Interstitials  through  re¬ 
laxation  and  dissolution  of  amorphous-like  pocket  induce 
boron  transient  enhanced  diffusion  with  high  diffusion 
coefficient  of  almost  10” 7  cm2/s  in  the  beginning  of  an¬ 
nealing.  However,  as  annealing  goes  on,  TED  shall  be 
disappeared  because  concentration  of  excess  interstitial 
reduces  to  equilibrium  concentration  [23]. 

IV.  CONCLUSIONS 

We  compare  results  using  proposed  potential  with 
those  using  ZBL.  Ion  movement  time  with  proposed  po¬ 
tential  is  usually  longer  than  only  with  ZBL,  since  ener¬ 
gy  losses  are  less  with  proposed  potential  than  only  with 
ZBL.  We  found  that  in  the  results  using  ZBL,  energy  loss 
more  increased  than  in  ther  results  using  proposed  poten¬ 
tial,  and  it  also  took  shorter  collision  period  than  in  the 
results  using  proposed  potential.  When  boron  collides 
with  silicons,  collision  time  becomes  longer  by  attractive 
potential,  and  therefore  scattering  angles  become  larger. 
In  order. to  form  ultra-shallow  junction  and  thin  films  to 
fabricate  future  GSI  semiconductor  devices,  importance 
of  below  500  eV  ion  beams  processes  has  been  increased. 
Therefore,  attractive  potential  should  be  considered  by 
molecular  dynamics  simulations  for  ultra-low  energy  ion 
beam  processes,  since  effect  of  chemical  interaction  in¬ 
creased  in  the  processes. 

The  amorphous-like  pocket  produced  by  collision  cas¬ 
cades  is  dissolved  in  the  beginning  of  annealing.  As 
the  result,  many  silicon  interstitials  are  generated,  and 
than  interstitials  interact  with  boron  dopants.  Calculat¬ 
ed  boron  diffusion  coefficients  are  almost  10” 7  cm2/s,  Ar¬ 
rhenius  relationships  with  temperature,  and  larger  than 
boron  mean-diffuvisities,  because  there  are  a  lot  of  sil¬ 
icon  interstitlas  and  boron  dopants  are  swiftly  diffused 
through  interstitialsy  mechanism.  The  reason  for  the 
difference  between  measured  diffusivities  and  calculated 
diffuvisities  in  the  paper  is  that  we  simulate  just  in  the 
beginning  of  annealing  and  boron  trapping  and  clustering 
decreasing  diffusion  is  not  considered. 

As  era  of  micro-chip  technologies  turn  into  era  of  nano¬ 
technologies,  it  is  more  important  to  understand  physi- 
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cal  mechanisms  of  atomic  scale  interactions.  In  nano¬ 
technology  era,  more  researches  of  ion  beams  processes 
should  be  investigated. 
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The  Formation  of  CoSi2  Thin  Layer  on  Crystalline  and 
Amorphous  Si  Substrates  Using  CoZr  Alloy  Layer 
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The  growth  of  CoSi2 ,  between  the  CoZr  alloy  layer  on  crystalline  and  on  amorphous  Si  substrates, 
was  investigated.  The  Zr  and  Co  were  co-deposited  with  a  dual  e-beam  evaporation  system  and 
followed  by  rapid  thermal  annealing  from  temperatures  between  500  °C  and  800  °C  with  100  °C 
increments.  The  phase  identification  was  carried  out  by  XRD,  and  chemical  compositions  of  these 
elements  were  analyzed  by  AES.  The  surface  and  interface  morphologies  of  Co-silicide  layer  were 
investigated  by  SEM  and  cross  sectional  TEM.  The  sheet  resistance  was  measured  by  four-point 
probe.  The  polycrystalline  CoSi2  film  was  formed  both  on  the  crystalline  and  the  amorphous 
substrates  at  the  annealing  temperature  of  600  °C.  The  phase  transformation  of  CoSi2  on  amorphous 
Si  substrate  was  considerably  accelerated  and  the  grain  size  of  the  silicide  phases  became  smaller. 
It  can  be  expected  that  the  CoSh/Si  interface  on  the  amorphous  Si  substrate  is  smoother  than  that 
on  the  crystalline  Si  substrate.  However,  in  this  study,  the  CoSi2  layer  formed  on  the  crystalline  Si 
substrate  exhibits  better  uniformity  than  the  CoSi2  formed  on  the  amorphous  Si  substrate  because 
of  the  nonuniform  diffusion  of  Co  through  the  amorphous  Si  substrate.  The  resistivity  on  the 
crystalline  Si  substrate  was  lower  than  that  on  the  amorphous  Si  substrate  at  high  temperatures. 


I.  INTRODUCTION 

Metal  silicides  have  received  much  interest  over  the 
years  due  to  their  application  in  microelectronic  devices 
such  as  contact,  gate  electrode,  and  interconnect  materi¬ 
als.  This  is  mainly  because  of  their  low  resistivity,  high 
thermal  stability  and  compatibility  with  current  process¬ 
ing  techniques  [1,2].  Among  the  silicide  materials,  TiSi2 
has  been  of  special  interest  because  of  its  low  resistance, 
high  thermal  stability  and  good  ohmic  contact  to  Si  sub¬ 
strate  [3,4].  However,  the  reactions  between  Ti  and  oxide 
may  cause  the  formation  of  a  bridge  in  the  source/drain 
contact  region,  and  it  can  lead  to  the  electrical  short  of 
device  [5].  In  addition,  the  phase  transition  and  surface 
agglomeration  at  high  temperatures  (above  650  °C)  is 
considered  to  be  the  one  of  the  major  drawbacks  in  ap¬ 
plying  this  material  to  Si-based  device  process  [6]. 

As  for  the  substitution  for  TiSi2  among  contact  and 
interconnect  materials,  the  CoSi2  has  been  considered  to 
be  the  most  attractive  one  for  contact  and  interconnect 
materials  in  next  generation  devices  because  it  exhibits 
low  resistivity  among  other  metal  silicides  and  shows  no 
reaction  with  oxide  spacers  due  to  the  low  heat  of  the 
formation  of  Co  oxide  [7,8].  However,  in  the  case  of  us¬ 
ing  Co  single  layer  on  the  Si  substrate,  the  formation  of 
CoSi2  has  been  found  to  have  many  problems,  such  as 
the  inability  to  remove  native  oxide  and  the  formation  of 
rough  interfaces  due  to  the  non-uniform  reaction  between 
Co  and  Si  [9].  Moreover,  the  large  amount  of  Si  consump¬ 
tion  in  the  Co/Si  thin  film  reaction  made  it  difficult  to 


form  shallow  junction  in  MOS  device  [10].  To  solve  these 
problems,  many  researchers  [11-13]  have  recently  sug¬ 
gested  the  formation  of  Co  silicide  using  a  Co/refractory 
metal  bilayer.  Among  the  refractory  metals  used  for  the 
interlayer,  Zr  is  one  of  the  candidates  known  to  have 
strong  reactivity  with  oxygen  [14]  and  little  solid  solubil¬ 
ity  with  Co  [15]  implying  that  it  will  have  the  capability 
to  remove  native  oxide  and  act  as  a  barrier  material  for 
Co  flux  to  Si.  In  case  of  co- depositing  Co  and  Zr,  both 
Co  and  Zr  atoms  are  present  on  the  Si  surface,  and  the 
nucleation  and  growth  of  both  Zr-silicide  and  Co-silicide 
phases  can  compete  simultaneously.  However,  since  the 
formation  temperature  of  ZrSi2  is  much  higher  than  that 
of  CoSi2  [16],  it  can  be  expected  that  the  uniform  and 
smooth  CoSi2  layer  can  be  formed  at  relatively  low  tem¬ 
peratures  and  the  formation  of  Co-silicide  will  be  affected 
by  the  reaction  of  Co  with  Zr.  The  growth  of  CoSi2  on 
the  different  Si  substrate  will  be  also  affected  by  the  mi¬ 
crostructure  of  Si  surface.  Since  the  surface  energy  of 
amorphous  Si  substrate  is  higher  than  that  of  crystalline 
Si  substrate,  the  formation  of  Co-silicide  will  be  affected 
by  the  latent  energy  of  the  amorphous  Si  substrate. 

In  this  study,  the  formation  of  Co  silicide  using  a  CoZr 
alloy  layer  on  the  crystalline  Si  (100)  and  on  the  amor¬ 
phous  Si  substrate  will  be  discussed  to  find  out  the  depen¬ 
dence  of  surface  microstructure  on  Co-silicide  formation. 
And  the  interface  morphologies  of  Co-silicide  will  be  an¬ 
alyzed.  The  amorphous  Si  film  was  grown  on  the  crys¬ 
talline  Si  (100)  by  the  CVD  (chemical  vapor  deposition). 
The  CoZr  alloy  layer  films  were  deposited  on  both  the 
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crystalline  and  the  amorphous  Si  substrates  and  annealed 
by  RTA  (rapid  thermal  annealing)  in  an  N2  ambient. 
To  examine  the  physical  and  electrical  properties  of  Co- 
silicides,  XRD  (x-ray  diffractometer),  AES  (auger  elec¬ 
tron  spectroscopy),  SEM  (scanning  electron  microscopy), 
TEM  (transmission  electron  microscope)  and  four-point 
probe  were  used. 

II.  EXPERIMENTS 

The  substrates  used  in  this  study  were  2-inch  Si(100) 
wafers  with  resistivities  of  5~10  ftcm  (P-type,  Boron 
doped).  Amorphous  Si  films  of  1000  A  were  grown  at 
the  temperature  of  500  °C  on  the  crystalline  Si(100)  sub¬ 
strate  by  the  CVD  process.  Prior  to  Zr  and  Co  depo¬ 
sition,  the  Si  substrate  was  cleaned  by  piranha  cleaning 
(H2SO4+H2O2)  to  remove  the  organic  contaminants  and 
followed  by  HF  solution  cleaning  (HF:H2O=l:50)  to  re¬ 
move  native  oxide.  After  cleaning,  the  crystalline  and 
amorphous  Si  substrates  were  loaded  into  a  dual  ebeam 
evaporation  system.  During  metal  evaporation,  the  vac¬ 
uum  was  maintained  between  5xl0“8  and  5xl0-7  Torr. 
The  200  A  of  Zr  and  Co  were  co-deposited  and  the  atom¬ 
ic  concentration  was  maintained  to  have  Coo.9Zro.i.  The 
film  thickness  was  measured  by  using  a  quartz  crystal 
thickness  monitor.  After  deposition,  all  samples  were 
annealed  by  the  rapid  thermal  process  to  form  the  CoSi2 
at  temperatures  ranging  from  500  to  800  °C  in  an  N2 
ambient  for  30  sec  with  100  °C  increments.  The  phase 
identification  of  CoSi23  depending  on  the  annealing  tem¬ 
peratures,  was  analyzed  with  using  XRD.  The  AES  depth 
profiles  to  investigate  the  chemical  composition  of  Co  sili- 
cides  were  carried  out.  The  surface  and  interface  mor¬ 
phologies  were  examined  using  SEM  and  cross-sectional 
TEM.  The  sheet  resistance  was  measured  by  four-point 
probe. 

III.  RESULTS  AND  DISCUSSION 

The  phases  formed  after  rapid  thermal  annealing  at 
various  temperatures  were  identified  by  XRD.  The  XRD 
data  of  the  CoZr  alloy  layer  deposited  on  the  crystalline 
Si  substrate  at  different  temperatures  are  shown  in  Fig. 
L  The  Co2Si  peak  was  found  in  the  500  °C  annealed 
sample.  After  annealing  at  600  °C,  Co2Si  peak  disap¬ 
peared  and  CoSi2  (220)  peak  became  much  dominant 
with  increasing  annealing  temperature.  The  CoSi2  (111) 
peak  was  also  observed.  In  the  present  study,  Co2Si  was 
found  to  be  the  first  crystalline  silicide  formed  during 
annealing.  Since  the  value  of  effective  heat  for  forma¬ 
tion  of  CoSi2  is  higher  than  that  of  Co2Si  in  absolute 
value  [17],  the  former  was  expected  to  begin  to  grow  on 
the  limited  interface  region  between  Co2Si  and  Si  sub¬ 
strate  by  Co  diffusion  into  the  Si  substrate.  Once  the 
CoSi2  grains  were  nucleated  at  the  C02 Si/Si  interface, 
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Fig.  1.  XRD  data  of  the  CoZr  alloy  layer  deposited  on  the 
crystalline  Si  substrate  annealed  at  as-deposited,  500  °C,  600 
°C,  700  °C  and  800  °C. 
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Fig.  2.  XRD  data  of  the  CoZr  alloy  layer  deposited  on  the 
amorphous  Si  substrate  annealed  at  as-deposited,  500  °C,  600 
°C,  700  °C  and  800  °C. 


further  growth  of  the  Co2Si  layer  was  retarded.  The 
XRD  data  of  Co  silicide  grown  on  the  amorphous  Si  sub¬ 
strate  are  shown  in  Fig.  2.  The  CoSi  peak  was  observed 
at  500  °C  and  several  peaks  related  to  CoSi2  such  as 
CoSi2(lll),  CoSi2(220),  CoSi2(311)  were  observed  above 
600  °C  annealing.  In  this  case,  Co2Si  peak  was  not  found. 
It  is  previously  reported  that  the  formation  sequence  of 
Co-silicide,  depending  on  annealing  temperatures,  was 
Co2Si— >CoSi— >CoSi2  [18].  The  Co2Si  is  believed  to  be  in 
the  first  phase  when  there  is  enough  Co  flux  to  form  the 
Co-silicide  phase  because  of  the  lowest  effective  heat  of 
formation  of  Co2Si  (—26.01  kJ/mol  atom)  [18].  Howev- 


-S528- 

er,  in  this  case,  Co2Si  peak  was  not  found.  According 
to  the  XRD  analysis  shown  in  Fig.  1  and  2,  C02S1  and 
CoSi  were  found  to  be  the  first  phases  on  crystalline  and 
amorphous  Si  substrates,  respectively.  Therefore,  the 
CoSi  phase,  which  has  a  higher  formation  temperature 
than  Co2Si,  was  formed  on  the  amorphous  Si  substrate 
without  forming  Co2Si.  This  means  that  the  formation 
temperature  of  Co  silicide  grown  on  the  amorphous  sub¬ 
strate  is  lower  than  that  grown  on  the  crystalline  sub¬ 
strate.  This  is  due  to  the  latent  energy  stored  in  amor¬ 
phous  Si  substrate.  The  low  temperature  reaction  was 
thought  due  to  the  heat  of  crystallization  of  the  amor¬ 
phous  Si.  The  enthalpy  of  amorphous  Si  is  12  kJ/mol 
higher  than  the  crystalline  Si  [19],  so  the  kinetics  of  the 
reaction  of  Co  with  an  amorphous  Si  substrate  is  consid¬ 
erably  enhanced.  Consequently,  it  can  be  concluded  that 
the  driving  force  for  the  formation  of  Co-silicide  on  an 
amorphous  Si  substrate  is  increased  by  the  latent  ener¬ 
gy  stored  in  amorphous  Si  substrate.  Silicidation  of  the 


Fig.  3.  Sheet  resistance  data  of  CoZr  alloy  layer  deposited 
on  the  crystalline  and  amorphous  Si  substrate  annealed  from 
500  °C  to  800  °C. 
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complete  Co-Zr  layer,  resulting  in  the  formation  of  C0S12 
and  ZrSi2,  is  found  to  take  place  after  annealing  of  700 
°C.  The  intensity  of  XRD  signal  is  weaker  than  that  of 
crystalline  Si  substrate.  This  is  because  the  amorphous 
Si  substrate  was  not  crystallized  completely  for  short  an¬ 
nealing  time  of  30  sec. 

Fig.  3  shows  the  sheet  resistance  of  the  Co-silicide  layer 
at  various  annealing  temperatures.  The  sheet  resistance 
measurements  were  carried  out  using  a  four-point  probe. 
The  sheet  resistance  is  suddenly  dropped  at  600  °C  on 
both  Si  substrates  due  to  the  formation  of  CoSi2  phase 
and  this  results  are  consistent  with  XRD  data.  The  resis¬ 
tivity  is  decreased  further  by  the  growth  of  C0S12  as  the 
annealing  temperature  increases  and  all  of  these  silicides 
exhibited  the  lowest  sheet  resistance  at  800  °C. 

The  AES  depth  profiles  of  Co-silicides  on  the  crys¬ 
talline  Si  substrate  at  various  annealing  temperatures  are 
shown  in  Fig.  4.  Fig.  4(a)  shows  AES  depth  profile  of 
the  as- deposited  film  without  annealing.  The  elements 
of  Co  and  Zr  coexist  uniformly  throughout  the  Co-metal 
layer  and  there  is  no  intermixing  between  Co  and  Si  at 
this  deposition  temperature.  After  annealing  at  500  °C, 
as  shown  in  Fig.  4(b),  there  was  an  atomic  intermixing 
between  Co  and  Si.  The  atomic  ratio  of  Co  to  Si  peak  ex¬ 
hibits  approximately  2:1  in  the  bottom  layer  of  the  film, 
which  contacts  with  Si  substrate.  This  is  consistent  with 
the  formation  of  Co2Si  phase  on  the  crystalline  Si  sub¬ 
strate  at  annealing  temperature  of  500  °C  by  XRD  data. 
At  annealing  temperature  of  800  °C,  as  shown  in  Fig. 
4(c),  the  atomic  ratio  of  Co  to  Si  peak  exhibits  approxi¬ 
mately  1:2.  Therefore,  the  C0S12  phase  is  formed  on  the 
Si  substrate.  The  oxygen  peak  at  the  surface  is  due  to 
the  strong  affinity  of  Zr  with  oxygen.  Because  the  heat  of 
the  formation  of  zirconium  oxide  (Zr02)  is  much  higher 
than  that  of  cobalt  oxide  (CoO)  and  silicon  oxide  (Si02) 
[13],  a  native  oxide  (SiO*)  formed  on  Si  substrate  can  be 
removed  easily  by  the  Zr.  Therefore,  the  clean  Si  inter¬ 
face  surface  can  be  obtained  by  forming  Zr  oxide.  This  is 
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Fig.  4.  AES  depth  profiles  of  CoZr  alloy  layer  deposited  on  the  crystalline  Si  substrate  annealed  at  (a)  as-deposited,  (b)  500 
°C  and  (c)  800  °C. 
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Fig.  5.  AES  depth  profiles  of  CoZr  alloy. layer  deposited  on  the  amorphous  Si  substrate  annealed  at  (a)  as-deposited,  (b)  500 
°C  and  (c)  800  °C. 


an  important  factor  for  the  formation  of  Co-silicide  with 
smooth  interface  on  the  Si  substrate.  The  AES  depth 
profiles  of  Co-silicide  on  the  amorphous  Si  substrate  are 
shown  in  Fig.  5.  As  shown  in  Fig.  5(b),  the  atomic 
ratio  of  Co  to  Si  peak  exhibits  approximately  1:1.  This 
is  consistent  with  the  formation  of  CoSi  phase  on  the 
amorphous  Si  substrate  at  annealing  temperature  of  500 
°C  by  XRD  data.  In  this  case,  CoSi  phase  is  formed  in¬ 
stead  of  Co2Si,  since  the  energy  barrier  for  nucleation  of 
Co-silicide  is  decreased  due  to  the  latent  energy  stored 
in  amorphous  Si  substrate.  At  annealing  temperature  of 
800  °C,  the  same  result  in  the  case  of  using  crystalline  Si 
substrate  is  observed  which  is  the  formation  of  CoSi2- 
The  surface  morphologies  of  Co-silicide  were  analyzed 
by  SEM.  Fig.  6  and  Fig.  7  show  the  SEM  micrographs 
of  Co-silicide,  which  is  formed  on  the  crystalline  Si  sub¬ 
strate  and  the  amorphous  Si  substrate  after  annealing  at 
temperatures  of  500  °C  and  800  °C.  We  could  not  find 
the  difference  of  surface  morphologies  of  Co-silicide  be¬ 
tween  the  crystalline  Si  substrate  and  the  amorphous  Si 
substrate  at  500  °C.  As  the  annealing  temperatures  in¬ 
crease,  the  change  in  surface  morphologies  of  Co-silicide 
are  observed  between  the  crystalline  Si  substrate  and  the 
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Fig.  6.  SEM  micrographs  of  CoZr  alloy  layer  deposited  on 
the  crystalline  Si  substrate  annealed  at  (a)  500  °C  and  (b) 
800  °C. 


(a)  500 1C  (b)800r 

Fig.  7.  SEM  micrographs  of  CoZr  alloy  layer  deposited  on 
the  amorphous  Si  substrate  annealed  at  (a)  500  °C  and  (b) 
800  °C. 

amorphous  Si  substrate.  At  the  annealing  temperature 
of -800  °C,  the  surface  morphology  of  Co-silicide  formed 
on  the  crystalline  Si  substrate  is  rougher  than  that  of 
Co-silicide  formed  on  the  amorphous  Si  substrate.  This 
is  due  to  the  difference  of  the  surface  energy  between  the 
crystalline  and  the  amorphous  Si  substrate.  The  ener¬ 
gy  barrier  for  nucleation  of  Co-silicide  on  the  amorphous 
Si  substrate  is  decreased  by  the  latent  energy  stored  in 
amorphous  Si  substrate.  Therefore,  the  nucleation  of  Co- 
silicide  on  the  amorphous  Si  substrate  is  faster  than  on 
the  crystalline  Si  substrate.  On  the  amorphous  Si  sub¬ 
strate,  since  the  nucleation  rate  of  Co-silicide  is  faster 
than  the  growth  rate,  smaller  grain  than  that  on  the 
crystalline  Si  substrate  is  uniformly  distributed.  This 
is  the  reason  why  the  surface  morphology  of  Co-silicide 
formed  on  the  amorphous  Si  substrate  is  better  than  that 
of  Co-silicide  formed  on  the  crystalline  Si  substrate.  The 
nucleation  rate,  as  accelerated  by  the  stored  energy  of 
amorphous  Si,  is  not  only  ceased  to  act  as  the  limiting 
process  in  the  CoSi2  formation,  but  also  considerably  im¬ 
proved  the  microstructure  of  the  silicide  films. 

Fig.  8  shows  the  cross-sectional  TEM  bright  field  im¬ 
ages  of  the  samples  on  the  crystalline  Si  substrate  and  on 
the  amorphous  Si  substrate  annealed  at  800  °C.  In  this 
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(a)  (b) 


Fig.  8.  Cross-sectional  TEM  micrographs  of  Co-silicide  on  the  crystalline  (a)  and  the  amorphous  (b)  Si  substrate  annealed 
at  800  °C. 


study,  we  knew  that  the  amorphous  Si  substrate  was  not 
consumed  completely  and  that  the  polycrystalline  CoSi2 
phases  were  formed  on  both  the  crystalline  Si  substrate 
and  amorphous  Si  substrate.  Cross  sectional  TEM  ex¬ 
hibits  that  the  interface  of  CoSi2  phase  grown  on  the 
amorphous  Si  substrate  is  much  rougher  than  that  on 
the  crystalline  Si  substrate.  This  can  be  explained  by 
the  grain  boundary  diffusion  through  the  polycrystalline 
CoSi2  layer  and  by  the  nonuniform  diffusion  of  Co  be¬ 
tween  the  amorphous  Si  substrate  and  the  polycrystalline 
CoSi2-  The  Co  atoms  diffuse  along  the  grain  boundaries 
of  CoSi2  phase  from  the  top  layer  to  CoS^/Si  interface 
and  react  with  Si,  leading  to  enhanced  growth  of  CoSb 
at  the  junctions  of  grain  boundaries  of  CoS^  phase  and 
CoSi2/Si  interface  [20].  At  these  junctions,  the  growth  of 
CoSi2  phase  will  be  started.  Compared  with  the  CoSh 
phase  on  the  crystalline  Si  substrate,  the  CoSi2  phase  on 
the  amorphous  Si  substrate  has  a  large  number  of  these 
junctions  because  of  the  high  density  of  CoSi2  nuclei. 
Therefore,  the  polycrystalline  Si  were  partially  formed  in 
the  amorphous  Si  and  this  resulted  in  nonuniform  diffu¬ 
sion  of  Co  through  the  amorphous  Si  substrate.  This  is 
the  reason  why  the  CoS^/Si  interface  on  the  amorphous 
Si  substrate  is  rougher  than  that  on  the  crystalline  Si 
substrate. 


IV.  SUMMARY 

We  have  compared  the  reaction  between  a  CoZr  alloy 
layer  on  both  crystalline  and  amorphous  Si  substrates. 
The  microstructure  of  CoSi2  exhibited  polycrystalline  on 
both  the  crystalline  and  amorphous  Si  substrates  at  an¬ 
nealing  temperature  of  600  °C.  The  sheet  resistance  of 
CoZr  thin  films  on  two  different  Si  substrates  abruptly 
decreased  at  600  °C.  The  AES  data  indicated  that  Zr 
removed  a  native  oxide  on  the  Si  substrate,  which  pro¬ 
vided  an  atomically  clean  Si  substrate.  The  thickness 


of  the  CoSi2  phases  formed  on  Si  substrate  are  approxi¬ 
mately  500  A.  The  interface  morphology  of  CoSi2  formed 
on  the  crystalline  Si  substrate  showed  better  uniformity 
than  that  formed  on  the  amorphous  Si  substrate  because 
of  the  nonuniform  grain  boundary  diffusion  of  Co  be¬ 
tween  the  amorphous  Si  substrate  and  the  polycrystalline 
CoSi2.  There  is  a  close  relationship  among  the  CoS^/Si 
interface  roughness,  the  silicide  grain  size,  and  the  phase 
transformation  kinetics.  Both  the  phase  transformation 
kinetics  and  the  grain  size  of  the  CoSh  on  an  amorphous 
Si  substrate  were  the  results  of  latent  energy  stored  in  the 
amorphous  silicon,  which  accelerated  the  nucleation  rate 
of  the  CoSi2  phase  and  resulted  in  the  relatively  wavy 
interface  of  CoSi2- 
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We  have  been  carried  out  the  growth  of  hexagonal  boron  nitride  (h- BN)  thin  films  on  Si(100) 
substrates  by  low  pressure  metal-organic  chemical  vapor  deposition  (LPMOCVD)  method  us¬ 
ing  triethylborane  ferf-butylamine  complex  (TEBTBA),  EtsBNH^Bu),  and  triethylborane  iso- 
propylamine  complex  (TEBIPA),  Et3BNH2(‘Pr)  as  a  new  single  molecular  precursors  in  the  tem¬ 
perature  range  of  850~1000  °C-  Polycrystalline,  crack-free  h- BN  film  was  successfully  grown  on 
Si(100)  substrate  at  850  °C  using  TEBTBA.  This  growth  temperature  is  very  lower  than  those  in 
previous  reports.  Carbon-rich  polycrystalline  BN  was  also  obtained  at  900  °C  from  TEBIPA.  With 
increasing  substrate  temperatures  to  1000  °C,  however,  BC4N-like  species  are  strongly  formed  along 
with  h- BN  and  the  BN  films  obtained  from  both  TEBTBA  and  TEBIPA  but  almost  polycrystalline. 
To  our  best  knowledge,  this  is  the  first  report  of  the  growth  of  h- BN  films  formed  with  the  new 
single  source  precursors  of  Et3BNH2(tBu)  and  Et3BNH2(*Pr).  High-resolution  XPS  and  FTIR  mea¬ 
surements  were  utilized  as  a  good  probes  for  identifying  the  crystal  structure  of  BN  films  together 
with  the  XRD. 


I.  INTRODUCTION 

Boron  nitride  (BN)  films  have  attracted  a  growing  in¬ 
terest  for  a  variety  of  technological  applications  due  to 
their  excellent  characteristics,  namely  hardness,  chemi¬ 
cal  inertness,  and  dielectrical  behavior,  etc.  There  are 
two  crystalline  phases  of  BN  that  are  analogous  to  pha¬ 
ses  of  carbon.  Hexagonal  boron  nitride  (h- BN)  has  a  lay¬ 
ered  structure  which  is  sp2-bonded  structure  similar  to 
that  of  graphite,  and  is  the  stable  ordered  phase  at  am¬ 
bient  conditions  [1].  Cubic  boron  nitride  (c-BN)  has  a 
zinc  blende  structure  with  sp3-bonding  like  as  diamond, 
and  is  the  metastable  phase  at  ambient  conditions.  Also 
like  carbon,  there  are  amorphous  and  poorly  crystalline 
forms  of  BN  having  sp2-bonding.  Among  of  their  pro¬ 
totypes,  especially  the  c-BN  is  an  interesting  material 
because  it  has  almost  the  same  hardness  and  thermal 
conductivity  as  diamond  [2,3].  c-BN  is  a  chemically  re¬ 
sistant,  especially  insulating  material  and  is  used  in  ap- 
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plications  where  carbon-based  materials  are  limited  by 
oxidation  [4].  Moreover,  c-BN  films  may  better  suited 
than  diamond  for  electronic  device  applications  as  high- 
temperature  semiconductors  since  the  wide,  direct  ener¬ 
gy  band  gap  (6.4  eV)  and  it  can  be  easily  doped  both 
n-type  or  p-type  with  the  silicon  or  beryllium  to  form  a 
materials  for  high-temperature  semiconductors  whereas 
diamond  cannot  [4].  Furthermore,  the  1.4  %  lattice  mis¬ 
match  between  c-BN  and  diamond  suggests  that  c-BN 
may  be  the  most  attractive  substrate  for  heteroepitaxial 
diamond  film  growth  [5-9].  On  the  other  hand,  h- BN  as 
well  as  c-BN  has  high  thermal  stability  and  excellent  tri¬ 
bological  properties  that  are  not  degraded  in  air.  Due  to 
its  good  physical  properties,  h- BN  has  been  widely  used 
a  material  for  a  hard  and  protective  coating  or  a  heat 
sink.  Under  the  conditions  of  high  pressure  and  temper¬ 
ature,  however,  h- BN  transforms  into  a  wurzite  (w- BN) 
or  a  cubic  (c-BN).  Therefore,  the  films  of  both  h- BN  and 
c-BN  are  promising  not  only  as  a  material  for  hard  coa¬ 
ting  and  heat  sink,  but  also  as  a  semiconductor  material 
for  electronic  devices,  especially  masks  for  x-ray  and  low 
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energy  electron  beam. 

Conventionally,  significant  progress  has  been  made  in 
the  experimental  techniques  for  synthesizing  c-BN  film 
using  various  methods  of  the  physical  vapor  deposition 
and  chemical  vapor  deposition.  But,  the  major  disad¬ 
vantage  of  c-BN  films  is  that  they  are  much  more  diffi¬ 
cult  to  synthesize  than  diamond  films  due  to  its  narrow 
stability  phase  region,  high  compression  stress,  and  pro¬ 
blem  of  boron  or  nitrogen  source  control  [10,11].  Recent 
studies  of  the  metal-organic  chemical  vapor  deposition 
(MOCVD)  of  III-V  compound  have  established  that  a 
molecular  level  understanding  of  the  deposition  process 
is  mandatory  in  controlling  the  selectivity  parameter  [12]. 
This  led  to  the  concept  of  using  a  single  source  precursor, 
having  the  constituent  elements  in  stoichiometric  ratio, 
for  MOCVD  growth  of  the  required  binary  compound 
[13—15].  A  similar  strategy  is  warranted  in  the  CVD  of 
BN  to  switch  the  balance  from  hexagonal  to  cubic  phase 
by  tailoring  the  organometallic  precursor  having  boron 
and  nitrogen  in  1:1  stoichiometry. 

In  this  study,  therefore,  we  has  been  carried  out  the  low 
pressure  MOCVD  growth  of  h- BN  thin  films  on  Si(100) 
substrates  using  a  new  organometallic  compounds  of 
triethylborane  tfertf-butylamine  complex  (TEBTBA), 
Et3BNH2(iBu),  and  triethylborane  iso-propylamine  com¬ 
plex  (TEBIPA),  Et3BNH2(*Pr)  as  a  single  source  precur¬ 
sors. 

II.  EXPERIMENTAL 

CVD  is  carried  out  in  a  simple  vacuum  chamber  which 
is  consists  of  quartz  glass.  Si(100)  substrates  used  in 
the  present  study  were  cleaned  and  etched  using  stan¬ 
dard  procedure.  The  precleaned  substrates  were  moun¬ 
ted  the  sample  holder  and  then  the  precursors  were  ad¬ 
mitted  into  the  deposition  chamber  without  carrier  gas. 
The  deposition  was  carried  out  for  5~6  hours  after  which 
the  substrates  were  slowly  brought  to  ambient  temper¬ 
ature.  Several  independent  experiments  were  carried  out 
between  800  and  1000  °C.  The  temperatures  of  subs¬ 
trate/film  were  detected  by  an  optical  pyrometer  and  the 
deposition  pressures  during  deposition  were  adjusted  be¬ 
tween  50  and  70  Pa.  The  details  of  experimental  have 
been  published  elsewhere  [16,17].  The  films  produced 
by  CVD  were  characterized  by  x-ray  photoelectron  spec¬ 
troscopy  (XPS),  x-ray  diffraction  (XRD),  scanning  elec¬ 
tron  microscopy  (SEM),  and  Fourier  transform  infrared 
spectroscopy  (FTIR). 

III.  RESULTS  AND  DISCUSSION 

The  CVD  was  carried  out  using  triethylborane  iert- 
butylamine  complex  (TEBTBA),  and  triethylborane  iso¬ 
propylamine  complex  (TEBIPA)  as  a  single  source  pre- 


Fig.  1.  High  resolution  x-ray  photoelectron  spectra 
of  the  /i-BN  film  deposited  on  Si(100)  substrate  using 
Et3BNH2(tBu)  at  850  °C;  (a)  B  (Is),  (b)  N  (Is). 

cursors  at  the  temperature  range  of  850~1000  °C.  The 
elemental  composition  and  film  structure  of  the  as-grown 
BN  films  were  in  first  analyzed  by  XPS  and  FTIR.  It 
has  been  shown  previously  that  the  hexagonal  and  cubic 
of  BN  have  discernible  features  in  both  XPS  and  Auger 
electron  spectroscopy  [18,19].  Both  c-BN  and  /i-BN  have 
bulk  plasmon  (BP)  loss  peaks  at  approximately  27  and  25 
eV  respectively,  away  from  the  B  (Is)  and  N  (Is)  peaks. 
However,  due  to  difference  the  bonding  between  h- BN 
(sp2)  and  c-BN  ( sp 3),  only  h- BN  has  a  7r  plasmon  loss 
peak  at  approximately  9  eV  away  from  the  B  (Is)  and 
N  (Is)  peaks.  We  use  the  presence  of  this  feature  as  a 
‘fingerprint’  to  further  confirm  the  presence  of  sp2  bond¬ 
ing  in  the  /i-BN  films.  The  high  resolution  XP  spectra  of 
typical  /i-BN  film  grown  on  Si(100)  substrate  at  850  °C 
using  TEBTBA  are  shown  in  figure  1.  The  B  (Is)  peak 
is  centered  at  191  eV  and  the  N  (Is)  peak  is  at  398  eV, 
in  good  agreement  with  values  in  the  published  literature 
[18].  The  bulk  plasmon  and  the  7 r  plasmon  loss  peaks  are 
present  at  about  25  eV  and  9  eV,  respectively,  away  from 
the  Is  peak  in  their  expected  positions  for  a  h- BN.  This 
result  is  also  confirmed  with  a  FTIR  data.  Because  the 
FTIR  spectroscopy  can  provide  direct  information  about 
either  the  local  bonding  environment  or  the  structure  of 
the  constituents  of  the  film.  For  sp2-bonded  BN  (cry¬ 
stalline  or  amorphous  /i-BN),  there  are  two  characteristic 


-S534- 


Journal  of  the  Korean  Physical  Society,  Vol.  34,  June  1999 


4000  2000  1000  400 


WavenumberCcm"1 ) 


1400  1000  600  200  0 


Binding  Energy  (eV) 

Fig.  2.  FTIR  and  x-ray  photoelectron  survey  spectra  of  the 
h- BN  film  grown  on  Si(100)  substrate  with  EtaBNIh^Bu)  at 
850  °C;  (a)  FTIR,  (b)  XPS. 

peaks  at  1400  cm-1  and  770  cm"*1,  which  are  associated 
with  the  in-plane  (IP)  B-N  bond  stretching  vibration  and 
the  out-of-plane  (OOP)  B-N-B  bending  vibration.  Cubic 
BN  with  sp3  bonding,  on  the  other  hand,  has  an  IR  active 
TO  mode  at  ca.  1100  cm-1.  The  FTIR  spectrum  of  a 
hexagonal  boron  nitride  film  grown  on  Si(100)  at  850  °C 
using  TEBTBA  is  shown  in  figure  2(a).  A  typical  absorp¬ 
tion  peak  due  to  OOP  B-N-B  bending  vibration  in  the 
h- BN  film  is  clearly  observed  at  ca.  770  cm-1.  This  result 
is  in  good  agreement  with  that  of  XPS  and  with  reported 
one  previously  [20].  However  due  to  the  thick  thickness 
of  the  as-grown  BN  film,  there  is  no  absorption  peak 
around  1400  cm-1.  Moreover,  two  additional  absorption 
peaks  were  also  appeared  at  about  500  cm-1  and  1950 
cm”1  attributed  to  B-C  and  C-C  (possibly  incorporated 
from  precursor  or  residual  gas)  vibrations.  It  is  evident 
that  the  B-N  peak  was  decreased  and  the  peaks  of  B-C 
and  C-C  vibrations  were  rapidly  increased  with  increas¬ 
ing  growth  temperatures.  These  results  are  also  in  good 
agreement  with  those  of  XPS  and  will  be  discussed  later. 
Figure  2(b)  shows  the  X-ray  photoelectron  survey  spec¬ 
trum  of  the  BN  film  deposited  on  Si(100)  substrate  at  850 
°C  using  TEBTBA.  The  survey  spectra  clearly  shows  the 
photoelectron  peaks  of  Si  (2s),  Si  (2p),  B  (Is),  and  N  (Is) 


which  are  indicating  formation  of  hexagonal  boron  nitride 
film  on  the  Si(100)  surface.  Besides  these  relevant  peaks, 
there  also  appear  C  (Is),  O  (Is)  photoelectron  peak  and 
C  (KVV),  O  (KVV)  Auger  peaks.  Surface  carbon  and 
native  oxygen  can  be  attributed  to  surface  contamination 
of  the  newly  formed  films  by  air  and/or  precursor  during 
sample  transfer  and  deposition,  respectively.  Because  af¬ 
ter  At  ion  sputtering  the  amounts  of  C  and  0  were  great¬ 
ly  reduced.  Therefore  as  a  results  of  our  measurements 
of  XP  survey  spectrum,  high  resolution  XP  spectra,  and 
FTIR  data  of  BN  films,  we  confirmed  that  the  BN  films 
deposited  on  Si(100)  substrates  has  hexagonal  structure. 
Because  both  the  B  (Is)  and  N  (Is)  core  level  spectra  of 
BN  films  show  loss  features  at  ca.  9  and  25  eV  higher 
binding  energy  than  the  core  peaks  which  are  also  char¬ 
acteristic  of  h- BN.  But,  with  increasing  substrate  tem¬ 
peratures,  BCxN-like  species  are  strongly  formed  along 
with  h- BN.  Figure  3  show  a  survey  scan  spectra  of  the 
/i-BN  films  grown  on  Si(100)  substrates  at  910  °C  (Fig. 
3(a))  and  at  1000  °C  (Fig.  3(b))  using  the  same  single 
molecular  precursor  of  Et3BNH2(*Bu).  From  figure  3,  we 
realized  that  the  carbon  concentration  of  the  as-grown  h- 
BN  film  depends  on  the  growth  temperature  indicating 
surface  carbon  adsorption  on  BN  film  surface  or  carbon 
incorporation  (or  replacement)  reaction  with  BN. 
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Fig.  3.  X-ray  photoelectron  survey  spectra  of  the  h- BN 
films  deposited  using  Et3BNH2(fcBu)  on  Si(100)  substrates 
at  (a)  910  °C  and  (b)  1000  °C. 
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Fig.  4.  X-ray  diffraction  pattern  and  SEM  image  of  the 
h- BN  film  grown  on  Si(100)  substrate  using  Et3BNH2(*Bu) 
at  850  °C;  (a)  XRD,  (b)  SEM. 


(a) 


Fig.  5.  Cross-sectional  and  plan-view  SEM  images  of  the 
h- BN  film  grown  on  Si(100)  substrate  using  EtaBN^^Bu) 
at  (a)  850  °C  and  (b)  1000  °C. 


The  deposited  BN  films  were  also  characterized  by 
XRD  and  SEM.  Due  to  the  small  x-ray  cross-section  area 
of  boron  that  is  one  of  the  light  element,  it  is  very  difficult 
to  obtain  the  x-ray  diffraction  pattern  of  BN  thin  film. 
Therefore,  in  this  study,  we  try  to  grow  the  BN  films  with 
thickness  more  than  10  j. /m  for  obtaining  a  strong  XRD 
pattern.  Figure  4  shows  the  x-ray  diffraction  pattern 
and  SEM  image  of  a  BN  film  grown  on  Si(100)  substrate 
with  TEBTBA  at  850  °C.  X-ray  diffraction  pattern  of 
the  film  which  was  formed  at  850  °C  showed  a  hint  of 
hexagonal  boron  nitride  formation,  since  the  h- BN  coa¬ 
ting  exhibited  a  relatively  intense  BN  (002)  peak  which 
was  appeared  at  20  =  26.8°  (see  Fig.  4(a)).  There  is 
no  other  detectable  phase  in  the  diffraction  pattern.  The 
thickness  of  the  as-grown  film  is  approximately  40  /im  ac¬ 
cording  to  cross-sectional  SEM  measurement.'  How-  ever, 
the  film’s  quality  of  the  film  is  judged  poor,  and  the  film 
surface  consists  of  some  minute  grains  confirmed  by  SEM 
as  shown  in  figure  4(b).  The  cross-sectional  SEM  photo¬ 
graph  of  the  same  BN  film  as  figure  4  is  shown  in  figure 
5(a).  The  photograph  of  figure  5(a)  shows  that  the  thick¬ 
ness  of  BN  film  layer  is  very  thick  and  the  interface  is 
showed  very  sharp  indicating  good  adhesion  between  BN 
layer  and  silicon  substrate.  Figure  5(b)  shows  a  plan- 


view  SEM  image  of  a  BN  film  grown  on  Si(100)  with 
TEBTBA  at  1000  °C.  Much  rougher  BN  film’s  surface 
with  more  grains  and  hillocks  than  that  of  figure  4(b) 
was  obtained.  This  suggests  that  the  BN  film  quality 
and  surface  smoothness  deposited  at  low  temperature  as 
850  °C  are  more  better  than  that  grown  at  1000  °C.  The 
XRD  pattern  (not  shown)  of  the  same  BN  films  grown  at 
1000  °C  showed  more  higher  FWHM  values  than  those 
of  the  BN  films  grown  at  850  and  910  °C  respectively, 
signifying  poor  quality  of  film.  The  XPS  data  shown  in 
figures  2(b)  and  3  also  shows  the  same  trends  as  XRD, 
that  is,  with  increasing  the  substrate  temperature  to  1000 
°C  from  850  °C,  the  stoichiometry  of  BN  films  confirmed 
with  the  analysis  of  the  XP  high  resolution  spectra  of 
Bis,  Nls,  and  Cls  were  drastically  changed  and  the  car¬ 
bon  contents  were  increased  due  possibly  to  a  formation 
of  BCXN  compounds  such  as  BC2N  or  BC4N-like  species 
along  with  /i-BN  at  910  and  1000  °C,  respectively.  Ac¬ 
cording  to  the  previous  reports  [21,22],  a  series  of  BCrN 
compounds  with  x  of  0.9,  2,  2.5,  3,  4,  and  7  can  be  syn¬ 
thesized  as  an  intermediate  between  graphite  and  h- BN. 
The  BC.N  compounds  where  carbon  atoms  of  graphite 
are  partially  substituted  by  boron  and  nitrogen  at  high 
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Fig.  6.  X-ray  diffraction  pattern  and  SEM  image  of  the 
fc-BN  film  deposited  using  Et3BNH2(*Pr)  on  Si(100)  sub¬ 
strates  at  900  °C:  (a)  XRD,  (b)  SEM. 


temperature  are  attractive  as  electronic  materials  and  as 
superhard  materials  [23,24]. 

Typical  x-ray  diffraction  pattern  and  SEM  image  of  a 
BN  film  deposited  using  TEBIPA  at  900  °C  are  shown  in 
figure  6.  The  XRD  data  of  figure  6(a)  indicates  that  the 
film  is  also  hexagonal  BN  because  the  characteristic  peak 
due  to  h- BN  is  appeared  at  a  2 9  value  of  ca.  27°.  But  the 
figure  6(a)  shows  that  the  BN  films  are  more  amorphous- 
like  polycrystalline  than  the  film  of  figure  4(a).  At  below 
900  °C,  moreover,  only  amorphous  BN  films  (not  shown) 
were  obtained  on  Si(100)  substrate  using  the  same  pre¬ 
cursor  of  TEBIPA,  signifying  carbon-rich  film  due  to  the 
high  growth  temperature  and  more  higher  bond  dissoci¬ 
ation  of  precursor  itself  compared  to  that  of  TEBTBA. 
The  possible  explanation  of  these  results  can  be  based 
on  the  difference  of  a  functional  group  attached  to  the 
nitrogen  atom.  Even  though  the  <erf-butyl  group  has 
large  size,  the  bond  dissociation  energy  between  N  and  C 
of  <er/-butyl  group  is  much  lower  than  that  of  iso-propyl 
group.  That’s  why  using  TEBTBA  it  is  possible  to  make 
more  good  BN  film  with  stoichiometry  at  lower  tempera¬ 
ture  rather  than  TEBIPA.  But  the  mechanism  of  CVD  of 
the  single  molecular  precursors  of  either  EtaBNI^^Bu) 
or  Et3BNH2(*Pr)  is  not  yet  known,  so  whatever  happens 


on  the  substrate  surfaces  in  the  initial  deposition  stage 
still  remains  to  be  investigated.  The  SEM  image  of  fig¬ 
ure  6(b)  shows  that  there  was  some  hillocks  on  the  whole 
surface  of  BN  film. 


IV.  CONCLUSIONS 

Hexagonal  boron  nitride  (h- BN)  thin  films  have 
been  grown  on  Si(100)  substrates  by  LPMOCVD 
method  using  triethylborane  terf-butylamine  complex 
(TEBTBA),  and  triethylborane  iso-propylamine  com¬ 
plex  (TEBIPA)  as  a  new  single  molecular  precursors  in 
the  temperature  range  of  850~1000  °C.  Poly  crystalline, 
crack-free  h- BN  film  was  successfully  grown  on  Si(100) 
with  both  TEBTBA  and  TEBIPA  at  temperature  as 
low  as  850  °C.  At  above  900  °C,  however,  carbon-rich 
polycrystalline  BN  was  obtained  from  TEBIPA.  With 
increasing  substrate  temperatures  to  1000  °C,  moreover, 
a  carbon-rich  compounds  as  BC4N-like  species  are  also 
strongly  formed  along  with  h- BN.  The  high  resolution 
XPS  and  FTIR  are  important  probes  of  identifying  the 
crystal  structure  of  the  BN  films.  This  growth  tempera¬ 
ture  is  very  lower  than  that  in  previous  reports,  and  this 
is  the  first  report  of  h- BN  film  growth  formed  from  those 
precursors. 
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The  characteristics  of  33~94  A  thick  oxides  grown  by  high  pressure  oxidation  (HIPOX)  technique 
in  5  atm  02  ambient  at  700  °C  have  been  investigated  to  use  an  insulator  for  ULSI  devices.  The 
oxide  thickness  extracted  by  high  frequency  C-V  method  is  about  10  A  thicker  than  that  measured 
by  TEM.  The  leakage  current  of  the  HIPOX  oxide  is  less  than  l.OxlO-9  A/cm2  and  the  breakdown 
electric  field  is  larger  than  12.1  MV/cm.  The  midgap  interface  trap  density  ( Dttm )  of  the  75  A 
thick  HIPOX  oxide  is  about  2.0xl010  cm“2eV_1  which  is  comparable  to  that  of  control  oxide.  The 
Ditm  variation  of  the  HIPOX  oxide  is  not  more  than  that  of  control  oxide  as  stress  time  varies.  The 
n-MOSFET  with  HIPOX  oxide  shows  higher  reliability  than  that  with  control  oxide. 


I.  INTRODUCTION 

The  scaling  of  ULSI  devices  needs  ultrathin  oxide 
formed  by  low  temperature  process  to  reduce  the  impu¬ 
rity  redistribution,  leading  to  short  channel  and  narrow 
width  effects  on  MOSFETs.  The  low  temperature  meth¬ 
ods  such  as  pyrogenic  oxidation  and  low  pressure  chemi¬ 
cal  vapor  deposition  (LPCVD)  technologies  cause  hydro¬ 
gen  incorporated  reliability  problem  [1].  However,  a  high 
pressure  oxidation  (HIPOX)  technique  in  02  ambient  can 
alleviate  this  problem  because  it  reduces  both  oxidation 
temperature  and  time  without  hydrogen  involved  gas,  re¬ 
sulting  in  maintaining  sharp  dopant  profiles  during  the 
oxidation  [2-7].  The  high  pressure  oxidation  also  signif¬ 
icantly  reduces  the  oxidation-induced  stacking  faults  in 
the  silicon  [2,4,5].  So  far,  thick  field  oxides  grown  at  low 
temperatures  under  ambient  pressure  range  up  to  500 
atm  have  been  widely  studied  [2,6],  but  ultrathin  oxide 
has  not  so  much  [7]. 

In  this  paper,  we  present  the  characteristics  of  33~94 
A  thick  oxides  grown  by  HIPOX  method  in  dry  02  am¬ 
bient  for  ULSI  device  applications.  The  electrical  char¬ 
acteristics  of  the  HIPOX  oxides  were  also  compared  with 
those  of  control  oxides  grown  by  conventional  thermal 
oxidation  technique.  The  reliability  of  n-MOSFETs  with 
HIPOX  oxide  and  control  oxide  was  investigated. 

II.  EXPERIMENT 
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MOS  capacitors  and  conventional  n-MOSFETs  with 
HIPOX  oxide  and  control  oxide  were  fabricated  on  p- 
type,  5”,  (100)  silicon  wafers  using  conventional  LOCOS 
isolation  and  n+  doped  polysilicon  as  gate  electrode.  A 
300  A  thick  sacrificial  oxide  was  grown  and  stripped  be¬ 
fore  gate  oxide  was  grown.  The  HIPOX  oxides  of  33~94 
A  were  grown  in  5  atm  02  ambient  at  700  °C.  To  com¬ 
pared  with  the  HIPOX  oxide,  the  control  oxides  of  46 
and  75  A  were  also  grown  by  a  conventional  furnace  in 
dry  02  ambient  at  800  and  850  °C,  respectively.  A  3000 
A  of  polysilicon  was  deposited  by  LPCVD  and  doped  in 
POCI3  at  875  °C  for  30  min.  An  n+  polysilicon  gate  was 
defined  by  photolithography  and  dry  etching  techniques. 
Source/ drain  were  formed  by  arsenic  (As)  ion  implanta¬ 
tion  and  annealing  in  N2  ambient  at  875  °C  for  30  min. 
After  aluminum  metallization,  the  wafers  were  sintered 
in  forming  gas  at  400  °C  for  30  min. 

The  thickness  of  the  oxide  was  evaluated  by  high 
frequency  (100  kHz)  capacitance- voltage  (C-V)  method 
using  a  HP4275A,  and  also  confirmed  by  TEM.  The 
electrical  characteristics  of  the  oxide  were  investigated 
by  current- voltage  (I-V),  time-zero  dielectric  breakdown 
(TZDB),  high  frequency  and  quasi-static  C-V  measure¬ 
ment.  The  I-V  and  quasi-static  C-V  were  measured  by 
HP4140B,  and  TZDB  measured  by  HP4145B  and  HP 
computer.  To  compare  the  reliability  of  the  HIPOX  ox¬ 
ide  and  the  control  oxide,  the  interface  trap  density  (Da) 
of  the  oxide  was  evaluated  by  high  frequency  and  quasi¬ 
static  C-V  measurement  after  constant  current  stress.  To 
evaluate  the  hot  carrier  effect  of  n-MOSFET,  transcon¬ 
ductance  ( gm )  and  threshold  voltage  (Vi)  were  measured 
by  HP4156A  precision  semiconductor  parameter  analyz¬ 
er  and  HP  computer. 
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HIPOX  Time  (sec) 


Fig.  1.  Oxide  thickness  variation  as  a  function  of  HIPOX 
time  (HIPOX  condition:  700  °C,  5  atm  O2). 

m.  RESULTS  AND  DISCUSSION 

Fig.  1  shows  the  thickness  variation  of  the  HIPOX  ox¬ 
ide  grown  at  700  °C  in  5  atm  O2  ambient  as  oxidation 
time  increases.  The  HIPOX  oxide  thickness  was  extract¬ 
ed  from  the  MOS  capacitors  with  those  oxides  using  a 
high  frequency  C-V  measurement.  The  MOS  capacitor 
size  was  160000  fi m2  and  the  dielectric  constant  of  the 
HIPOX  oxide  was  assumed  to  a  customary  nominal  value 
of  3.9.  The  thickness  of  the  HIPOX  oxide  increases  from 
33  A  to  94  A  as  the  oxidation  time  increases  from  15  min 
to  250  min.  In  Fig.  1,  the  oxide  thickness  increases  as 
the  HIPOX  time  increases. 

The  physical  thickness  and  the  roughness  of  the  inter¬ 
face  between  the  oxide  and  the  silicon  (or  polysilicon)  for 
the  HIPOX  oxide  and  the  control  oxide  and  were  inves¬ 
tigated  by  TEM  photographs  (Fig.  2).  In  Fig.  2,  the 
thickness  of  the  HIPOX  oxide  and  the  control  oxide  are 
36  and  36  A,  respectively.  However,  the  thickness  of  the 
HIPOX  oxide  and  the  control  oxide  measured  by  high  fre¬ 
quency  C-V  are  46  and  46  A,  respectively.  This  means 
that  the  physical  thickness  of  the  HIPOX  oxide  and  the 
control  oxide  is  about  10  A  thinner  than  that  of  the  oxide 
calculated  by  high  frequency  C-V  method.  This  is  due 
to  the  parasitic  capacitance  at  polysilicon  gate  and  sub¬ 
strate  silicon  itself  because  the  variation  of  the  dielectric 
constant  can  not  explain  the  same  difference  of  the  oxide 
for  the  various  thickness  of  the  oxides.  In  Fig.  2,  the 
roughness  of  a  few  mono-layers  in  the  interface  between 
HIPOX  oxide  (or  control  oxide)  and  silicon  substrate  (or 
polysilicon  gate)  can  be  seen,  which  can  affect  on  the 
electrical  characteristics  of  the  oxide. 

Fig.  3  shows  current- volt  age  characteristics  of  MOS 
capacitors  with  the  HIPOX  oxides.  To  reject  a  displace¬ 
ment  current  during  the  I-V  measurement,  a  staircase 


(b) 


Fig.  2.  TEM  photographs  of  HIPOX  oxide  and  control  ox¬ 
ide.  (a)  HIPOX  oxide:  700  °C,  5  atm  02,  (b)  Control  oxide: 
800  °C,  02. 
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Fig.  3.  Current- voltage  characteristics  of  HIPOX  oxide  ver¬ 
sus  HIPOX  time.  The  capacitor  size  was  10000  /xm2. 


wave  voltage  with  the  step  delay  time  of  5  sec  was  ap¬ 
plied  to  the  MOS  capacitor.  The  leakage  current  prior  to 
electron  tunneling  through  the  oxide,  as  shown  in  Fig.  3, 
is  less  than  1.0xl0~9  A/cm2.  Fig.  4  shows  the  Erunnei 
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Oxide  Thickness  (A) 

Fig.  4.  Emnnei  characteristics  of  HIPOX  oxide  control  ox¬ 
ide  for  applied  bias  polarities  as  a  function  of  oxide  thickness. 

of  the  HIPOX  oxide  and  the  control  oxide  as  a  function 
of  a  oxide  thickness.  The  Erunnei,  calculated  from  Fig. 
3,  is  the  electric  field  needed  for  the  starting  electron 
tunneling  current  density  of  1.0xl0“9  A/cm2  through 
the  oxide,  considering  the  flat  band  voltage  and  Fermi 
potential  of  the  MOS  capacitor  as 

Erunnel  =  ( ^Tunnel  ~  VfB  +  (0.55  -  <j>))/T0X  (1) 

where  Vrunnei  is  voltage  needed  for  the  starting  electron 
tunneling  through  the  oxide,  flat  band  voltage  (Vfb)  is 
-0.90  V,  Fermi  potential  (<j>p)  is  0.35  V,  and  Tox  is  ox¬ 
ide  thickness.  The  Exunnei  of  6.0  MV/cm  stays  constant 
when  the  oxide  is  thicker  than  65  A,  while  decreases 
rapidly  as  the  oxide  is  thinner  than  65  A.  The  Erunnei 
of  46  A  thick  HIPOX  oxide  decreases  up  to  1.1  MV/cm. 
Typically,  the  Erunnei  of  6.0  MV/cm  is  a  electric  field 
required  to  the  electron  tunneling  through  the  oxide  by 
Fowler-Nordheim  emission  [8].  In  Fig.  4,  one  of  the  main 
reasons  of  the  Erunnei  reduction  results  from  the  inter¬ 
face  roughness  between  the  oxide  and  the  silicon  sub¬ 
strate  (or  polysilicon  gate),  leading  to  the  reduction  of 
local  oxide  thickness,  as  shown  Fig.  2.  The  direct  elec¬ 
tron  tunneling  through  the  thin  oxide  also  takes  place. 
The  Exunnei  of  the  control  oxides  with  46  and  75  A  as 
shown  in  Fig.  4  are  1.0  and  6.1  MV/cm,  respectively, 
which  are  nearly  the  same  values  of  the  HIPOX  oxide. 
This  result  means  that  Erunnei  of  the  oxide  is  not  depen¬ 
dent  on  the  oxidation  technology  but  the  oxide  thickness. 

Fig.  5  shows  the  dielectric  breakdown  electric  field 
( Ebr )  of  HIPOX  oxide  and  control  oxide  obtained  by 
TZDB  method.  The  Ebr  of  the  oxide  was  defined  by 
taking  into  account  the  silicon  surface  band  bending  us¬ 
ing  equation  (1)  as  shown  in  Fig.  4.  The  Ebr  of  the 
HIPOX  oxide  increases  from  12.1  to  13.7  MV/cm  as  the 
oxide  thickness  increases  from  33  to  94  A.  The  Err  of 
the  control  oxides  with  46  and  75  A  are  13.0  and  14.2 


Oxide  Thickness  (A) 

Fig.  5.  Dielectric  breakdown  characteristics  of  HIPOX  ox¬ 
ide  and  control  oxide  as  a  function  of  oxide  thickness. 


Energy  (eV) 

Fig.  6.  Interface  trap  density  distribution  of  75  A  of 
HIPOX  oxide  and  the  same  thickness  of  control  oxide. 

MV/cm,  respectively.  The  Err  of  the  HIPOX  oxide  is 
lower  than  that  of  the  control  oxide. 

To  compare  the  reliability  of  the  HIPOX  oxide  with 
that  of  the  control  oxide,  the  Du  of  the  oxides  were  inves¬ 
tigated  by  high  frequency  and  quasi-static  C-V  measure¬ 
ment  after  constant  current  stress.  Fig.  6  shows  the  Du 
distribution  of  the  75  A  of  the  HIPOX  oxide  and  the  same 
thickness  of  the  control  oxide.  The  virgin  midgap  inter¬ 
face  trap  density  Dum  of  the  HIPOX  oxide  is  2.0xl010 
cm“2eV_1  that  is  comparable  to  that  of  the  control  ox¬ 
ide.  Fig.  7  shows  the  Dum  variation  of  the  HIPOX  oxide 
and  the  control  oxide.  The  Dum  variation  of  the  ox¬ 
ides  under  the  stress  current  density  of  —0.1  mA/cm2 
increase  as  stress  time  increases.  The  Dum  variation  of 
the  HIPOX  oxide  is  nearly  same  to  that  of  the  control 
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Fig.  7.  Midgap  interface  trap  density  variation  of  HIPOX 
oxide  and  control  oxide  as  a  function  of  stress  time. 


Fig.  8.  Lifetime  of  n-MOSFET  with  HIPOX  oxide  and  con¬ 
trol  oxide  as  a  function  of  substrate  current. 

oxide  as  stress  time  varies.  This  result  indicates  that  the 
interface  characteristics  of  the  HIPOX  oxide  is  not  worse 
than  that  of  the  control  oxide  and  the  HIPOX  oxide  will 
be  a  good  insulator  for  ULSI  devices  because  the  Da  and 
Dam  variation  of  oxides  after  electrical  stress  are  strong¬ 
ly  dependent  on  the  quality  of  Si-Si02  interface  even  if 
the  Ebr  of  the  HIPOX  oxide  is  lower  than  that  of  the 
control  oxide  [9]. 

The  hot  carrier  immunity  of  MOSFETs  are  dependent 
on  the  reliability  of  the  Si-Si02  interface  characteristics 
such  a 5  Ditm  variation  after  electrical  stress  [10].  For  the 
application  of  the  ultrathin  HIPOX  oxide  to  ULSI  de¬ 
vices,  n-MOSFETs  with  the  HIPOX  oxide  and  the  con¬ 
ventional  oxide  were  fabricated  and  compared,  especially 
with  hot  carrier  effects  of  the  n-MOSFETs.  Fig.  8  shows 
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the  lifetime  of  the  n-MOSFETs  with  the  75  A  of  HIPOX 
oxide  and  the  same  thickness  of  control  oxide  as  a  func¬ 
tion  of  substrate  current.  The  lifetime  of  n-MOSFETs 
is  define.d  as  the  time  required  for  A#  mmax  / ^ffmmaxO  ft) 
reach  10  %  reduction  [11].  In  Fig.  8,  the  lifetime  of 
the  n-MOSFET  with  the  HIPOX  oxide  is  longer  than 
that  of  the  n-MOSFET  with  control  oxide.  These  re¬ 
sults  correspond  to  the  reliability  of  the  oxide  shown  in 
Fig.  7  because  the  relative  transconductance  reduction 
of  n-MOSFET  is  linearly  proportional  to  the  number  of 
interface  traps  generated  [10]. 

IV.  CONCLUSIONS 

The  ultrathin  HIPOX  oxides  were  grown  in  5  atm  02 
ambient  at  700  °C,  and  compared  with  the  control  oxides 
grown  by  using  conventional  furnace  in  atmosphere  02 
ambient  at  800  and  850  °C.  The  thickness  of  the  oxide 
measured  by  TEM  is  10  A  thinner  than  that  of  the  oxide 
extracted  by  high  frequency  C-V  technique.  The  HIPOX 
oxide  shows  good  leakage  and  interface  trap  density  char¬ 
acteristics,  while  the  dielectric  breakdown  characteristics 
of  the  HIPOX  oxide  itself  are  not  better  than  that  of 
the  control  oxide.  The  reliability  of  n-MOSFETs  with 
the  HIPOX  oxide  is  better  than  that  of  n-MOSFET  with 
the  control  oxide.  Therefore,  the  ultrathin  oxide  grown 
by  HIPOX  at  low  temperature  can  be  applied  to  a  gate 
insulator  of  ULSI  devices  because  it  has  many  advan¬ 
tages  such  as  low  temperature  process,  better  interface 
characteristics  between  the  oxide  and  silicon,  and  better 
reliability  compared  to  the  control  oxide  although  the  di¬ 
electric  breakdown  voltage  at  the  HIPOX  oxide  itself  are 
not  better. 
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A  new  high-voltage  n-channel  LDMOS  (nLDMOS)  transistor  with  a  convexed  drain  structure  is 
proposed  that  can  significantly  suppress  hot-carrier  induced  device  degradation.  Under  high-field 
stress  condition,  it  was  found  that  hot-carrier  induced  specific  on-resistance  (Ron)  and  drain  satura¬ 
tion  current  (Idscu)  degradations  of  our  proposed  LDMOS  transistors  were  about  2~4  times  lower 
than  those  of  conventional  LDMOS  devices.  Such  a  strong  hot-carrier  immunity  of  our  proposed 
nLDMOS  device  is  considered  that  the  amount  of  hot-carrier  generation  in  the  convexed  nLDMOS 
device  is  much  less  than  the  conventional  one  due  to  the  current  spreading  at  the  drain  junction. 

I.  INTRODUCTION 

High-voltage  lateral-double  diffused  MOSFET’s 
(LDMOSFET)  have  been  used  as  basic  devices  in  power 
discrete  devices  and  integrated  circuits.  In  accordance 
with  scaling  down  of  the  device,  hot-carrier  induced 
electrical  parameter  and  long-term  reliability  degrada¬ 
tions  in  high-voltage  LDMOS  transistors  have  become 
a  major  concern  [1].  Generally,  two  long-term  relia¬ 
bility  tests  were  performed  on  the  power  MOS  transis¬ 
tors:  high-temperature  reverse-bias  (HTRB)  test  and 
high-temperature  gate  stress  (HTGS)  test  [2].  For  the 
case  of  power  LDMOS  and  VDMOS  (vertical-double  dif¬ 
fused  MOS)  transistors  with  relatively  thick  gate  oxides, 
both  reliability  tests  are  sufficient.  However,  the  thick¬ 
ness  of  the  gate  oxide  of  power  transistors  has  been  re¬ 
duced  by  the  recent  advances  in  multiple  Bipolar-CMOS- 
DMOS  (BCD)  technology  considering  the  compatibil¬ 
ity  with  dense  CMOS  logic.  From  the  rapid  scaling 
down  and  high-current  density  of  LDMOS  transistors, 
hot-carrier  induced  device  degradation  and  destructive 
snapback  may  significantly  degrade  long-term  reliability 
and  also  arise  another  limitation  in  safe  operating  area 
of  power  devices  [1,3].  Hot-carrier  degradation  in  low- 
voltage  nMOS  transistors  has  been  intensively  investigat- 
ed  [4,5].  On  the  other  hand,  much  less  is  known  of  the 
hot-carrier  behavior  in  high-voltage  transistors.  Com¬ 
paring  to  low-voltage  nMOS  transistors,  the  hot-carrier 
induced  degradations  of  high-voltage  LDMOS  transistors 
are  quite  different  because  of  the  different  drain  structure 
and  doping  profile. 
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In  this  work,  we  proposed  a  new  high-voltage  nLDMOS 
transistors  with  a  convexed  drain  structure  in  order  to  re¬ 
duce  both  current  crowding  and  hot-carrier  generation  at 
the  drain  junction.  The  hot-carrier  induced  degradations 
depending  on  the  different  drain  structures  were  investi¬ 
gated  in  detail. 


II.  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

The  layout  patterns  and  schematic  cross-section  of 
nLDMOS  transistors  in  this  study  are  shown  in  Fig.  1(a) 
with  the  conventional  drain  structure,  and  (b)  with  the 


A’  Source  Source 

Gate  _  Drain  —  Gate 


Fig.  1.  nLDMOS  structures  with  (a)  non-convexed  drain, 
(b)  convexed  drain  and  (c)  device  cross-section  (A- A*  line). 
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Table  1.  Summary  of  layout  and  electrical  parameters  of 
the  nLDMOS  transistor  with  the  convexed  drain  structure. 


Parameter 

Value 

nLDMOSFET 

—  Channel  Width,  Wc  (^m) 

38.5 

—  Channel  Length,  Lg  (pm) 

2.4 

-  Drift  Length,  Ld  (£tm) 

8.4 

—  Drain  Width,  Wd  (pm)* 

59.1 

—  Gate  Oxide  Thickness  (A) 

350 

Electrical  Parameter 

—  Threshold  Voltage  (V) 

1.56 

—  Transconductance,  Gm  (pS) 

53.75 

—  Sat.  Drain  Current  iDsat  (mA/pm) 

0.176 

at  Vg/VDs  =  10  V/80  V 

—  Specific  Resistance,  Ron  (Q  cm2) 

5.59 

at  Vg/VDs  =  10  V/l  V 

—  Breakdown  Voltage  (V) 

160 

*)  Non-convexed  drain  structure;  Wd= 41.5  pm 


proposed  drain  structure,  respectively.  Here,  we  call  that 
the  device  shown  in  Fig.  1(a)  is  a  non-convexed  and  the 
other  shown  in  Fig.  1(b)  is  a  convexed  nLDMOS  tran¬ 
sistor  for  convenience.  The  source  layout  was  slightly 
modified  to  improve  the  controllability  of  drain  current 
density.  The  nLDMOS  with  a  convexed  drain  was  de¬ 
signed  to  uniformly  spread  the  channel  current  and  al¬ 
leviate  the  current  crowding  which  can  cause  high  level 
of  hot-carrier  generation  and  destructive  snapback  at  the 
drain  junction.  As  shown  in  Table  1,  channel  length  ( Lg ) 
and  width  ( Wc )  of  the  nLDMOS  transistor  were  2.4  and 
38.5  pm,  respectively.  The  drift  length  ( Ld )  of  the  device 
was  8.4  pm.  The  schematic  cross-section  of  the  nLDMOS 
device  is  similar  to  conventional  nLDMOS  transistor  as 
shown  in  Fig.  1(c).  To  fabricate  the  nLDMOS  transis¬ 
tors,  25  pm  thick  p-type  epitaxial  layer  (p  =  5  ~  8  ft-cm) 
was  first  grown  on  the  boron-doped  substrate.  A  drift  re¬ 
gion  was  implanted  by  phosphorus,  2.0  x  1012  cm-2  at  100 
keV.  A  deep  p-well,  which  acts  as  a  channel  of  nLDMOS 
transistor,  was  implanted  by  using  boron  with  a  dose  of 
4.0xl013  cm“2,  and  annealed  at  1200  °C  in  N2  ambi¬ 
ent.  After  local  oxidation  process,  a  350  A  gate  oxide 
was  grown.  The  process  sequences  such  as  polysilicon 
gate,  source/drain,  and  double  metal  formation  process¬ 
es  in  this  work  were  almost  same  as  conventional  CMOS 
process.  After  double  metallization,  the  devices  were  an¬ 
nealed  at  400  °C  in  N2  ambient. 

Fig.  2  demonstrates  the  typical  Id  —  Vds  character¬ 
istics  of  both  our  proposed  convexed  and  non-convexed 
nLDMOS  devices.  The  threshold  voltage  of  nLDMOS 
exhibited  approximately  1.56  V.  From  the  figure,  in  par¬ 
ticular,  the  drain  current  of  non-convexed  nLDMOS  was 
rapidly  increased  especially  when  the  applied  voltages  of 
gate  and  drain  terminals  were  simultaneously  high.  This 
rapid  increase  of  drain  current  may  be  caused  by  the  hot- 
carrier  generation  at  the  drain  junction.  And  this  phe¬ 
nomenon  results  from  the  more  current  crowding  in  the 


0  20  40  60  80  100 

Drain  Voltage  VDS(V) 


Fig.  2.  Id  —  Ids  characteristics  of  non-convexed  and  con¬ 
vexed  nLDMOS  transistors  (Vg'  1  V/step). 


Stress  Time  (sec) 


Fig.  3.  Ron  degradation  and  Vt  shift  as  a  function  of  stress 
time  for  non-convexed  and  convexed  nLDMOS  transistors 
(stress  condition:  Vs  =  10  V  and  Vds  =  100  V). 

non-convexed  nLDMOS  than  that  in  the  convexed  one  at 
the  drain  edge.  An  off-state  breakdown  voltage  was  re¬ 
vealed  approximately  160  V.  Other  electrical  parameters 
were  summarized  in  Table  1. 

Fig.  3  shows  the  hot-carrier  induced  specific  on- 
resistance  (i^on)  and  threshold  voltage  degradations  de¬ 
pending  on  the  stress  time.  The  on-state  stress  was  done 
at  Vg  =  10  V  and  Vds  =  100  V.  It  is  evident  from  the 
figure  that  the  hot-carrier  induced  on-resistance  degrada¬ 
tion  of  the  non-convexed  nLDMOS  transistor  was  about 
two  times  larger  than  that  of  the  convexed  nLDMOS  de¬ 
vice.  It  is  presumed  that  the  amount  of  hot-carrier  gen¬ 
eration  in  a  convexed  nLDMOS  device  is  suppressed  due 
to  the  current  spreading  at  the  drain  junction.  On  the 
other  hand,  the  threshold  voltage  shifts  of  the  two  de- 
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Fig.  4.  Id  sat  degradation  versus  stress  time  of  non-con- 
vexed  and  convexed  nLDMOS  transistors  (stress  condition: 
Vg  =  10  V  and  VDS  =  100  V). 

vices  were  similar.  Up  to  the  stress  time  10,000  seconds, 
threshold  voltage  of  two  devices  was  shifted  from  about 
10  mV.  This  results  suggest  that  the  maximum  channel 
field  is  located  at  the  drift  region  where  the  interface- 
state  generation  or  electron  trapping  is  mainly  occurred 

[1,3]- 

We  also  investigated  a  drain  saturation  current  (Id sat) 
degradation  as  a  function  of  stress  time.  A  drain  satura¬ 
tion  current  was  measured  at  Vq  =  5  V  and  Vds  =  80  V. 
As  shown  in  Fig.  4,  the  drain  saturation  current  degrada¬ 
tions  of  the  non-convexed  and  convexed  nLDMOS  tran¬ 
sistors  for  the  stress  time  of  1,000  seconds  were  2.5  %  and 
0.4  %,  respectively.  Comparing  to  specific  on-resistance 
degradation,  two  devices  have  shown  similar  degradation 
trend.  But  the  increment  of  IDsat  degradation  of  non- 
convexed  drain  was  much  rapid  with  increasing  the  stress 
time. 

Fig.  5  demonstrates  the  drain  saturation  current  and 
specific  on-resistance  degradations  depending  on  the  dif¬ 
ferent  gate  voltages  while  the  stressed  drain  voltage  and 
time  are  fixed  at  Vds  =  100  V  and  2,000  seconds,  re¬ 
spectively.  It  was  found  that  the  maximum  degradation 
of  specific  on-resistance  was  monitored  at  the  gate  volt¬ 
age  of  7  V  in  both  the  convexed  and  non-convexed  nLD¬ 
MOS  transistors.  For  the  case  of  the  stress  gate  voltage 
below  7  V,  the  difference  of  hot-carrier  degradations  be¬ 
tween  the  two  devices  was  very  small.  However,  as  the 
stressed  gate  voltage  increases  up  to  10  V,  hot-carrier  in¬ 
duced  Ron  (6.8  %)  and  IDsat  (2.7  %)  degradations  of 
the  non-convexed  nLDMOS  device  were  much  greater 
than  those  of  the  convexed  one  ( Ron  :  3.6  %  and  IDsat 
:  0.6  %).  Therefore,  hot-carrier  degradations  depend¬ 
ing  on  the  drain  structures  are  dominantly  monitored 
under  the  high  gate  and  drain  voltage  regions.  More¬ 
over,  specific  on-resistance  degradation  was  much  larg¬ 
er  than  drain  saturation  current  degradation  under  the 
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Stress  Gate  Voltage(V) 

Fig.  5.  Ron  and  IDsat  degradation  as  a  function  of  stress 
gate  voltage  for  non-convexed  and  convexed  nLDMOS  tran¬ 
sistors  (stress  condition:  Vds  =  100  V,  stress  time=2xl03 
sec). 


same  stress  gate  voltage.  Then,  the  specific  on-resistance 
was  more  prone  to  hot-carrier  degradation  than  the  drain 
saturation  current. 

III.  CONCLUSIONS 

We  proposed  a  new  high-voltage  nLDMOS  transis¬ 
tor  with  convexed  drain  structure,  which  can  effective¬ 
ly  reduce  both  current  crowding  and  hot-carrier  gen¬ 
eration  at  the  drain  junction.  Due  to  the  hot-carrier 
induced  current  component,  the  drain  current  of  non- 
convexed  nLDMOS  rapidly  increased  at  the  high  gate 
and  drain  biased  regions.  Under  the  Vq  —  10  V  and 
Vds  —  100  V  stressed  condition,  the  drain  saturation 
current  and  specific  on-resistance  degradations  of  non- 
convexed  nLDMOS  transistors  were  approximately  2  or 
4  times  larger  than  those  of  convexed  nLDMOS  devices. 
Moreover,  as  the  stressing  gate  voltage  increased  up  to 
10  V,  hot-carrier  induced  Ron  (6.8  %)  and  IDsat  (2.7  %) 
degradations  of  the  non-convexed  nLDMOS  device  were 
much  greater  than  those  of  the  convexed  one  ( Ron  '■  3.6 
%  and  Iosat  '  0.6  %).  It  is  evident  that  the  hot-carrier 
degradation  depending  on  the  drain  structure  is  domi¬ 
nantly  monitored  under  the  high  gate  and  drain  voltage 
regions.  Therefore,  our  proposed  high-voltage  nLDMOS 
transistor  may  be  applied  to  power  IC  that  requires  long¬ 
term  hot-carrier  reliability. 
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The  deformation  profile  of  molecule  directors  inside  liquid  crystal  displays  and  the  light  propa¬ 
gation  through  a  given  deformation  profile  are  discussed  in  this  paper.  A  modified  algorithm  from 
Chen’s  method  is  proposed  to  obtain  a  general  deformation  profile.  This  method  enables  us  to 
accomplish  stable  and  fast  calculation  of  various  molecular  orientation  profiles.  The  analytical  ex¬ 
pression  for  the  eigenvectors  related  to  the  light  propagation  through  uniaxial  anisotropic  media 
is  also  presented,  based  on  the  set  of  eigenvetors  described  by  Berreman.  It  is  clarified  that  the 
calculation  speed  of  this  method  is  more  than  twice  faster  than  the  faster  4x4  matrix  method. 


I.  INTRODUCTION 

Recently,  owing  to  the  widespread  applications  of  liq¬ 
uid  crystal  displays  (LCDs),  there  has  been  a  remarkable 
interest  in  designing  LCDs  with  wide  viewing  angle,  good 
contrast  ratio  and  fast  response  time.  In  order  to  obtain 
good  electro-optical  characteristics  of  LCDs,  a  rigorous 
simulation  for  optimizing  material  and  device  parameters 
is  essentially  required.  The  simulations  are  generally  clas¬ 
sified  into  two  physical  problems;  one  is  to  describe  the 
deformation  profile  of  molecule  directors  inside  the  cell 
with  an  applied  voltage,  and  the  other  is  to  solve  the  light 
propagation  through  a  given  deformation  profile. 

For  the  time-varying  deformation  profile,  the  relax¬ 
ation  method  was  suggested  by  Berreman  [1,2].  Some 
methods  based  on  a  discretized  expression  have  since 
been  proposed  to  solve  a  general  deformation  profile  of 
LCDs  [3,4].  Most  of  these  methods,  however,  require  too 
much  time  in  the  numerical  calculation  because  of  their 
iterative  procedure.  Chen  proposed  a  general  method  to 
improve  the  problems  by  applying  an  analytical  model  to 
the  LCDs  with  general  boundary  conditions  [5,6].  How¬ 
ever,  this  method  has  some  problems  of  both  stability  and 
convergence  speed  in  finding  the  numerical  solutions. 

For  the  light  propagation  through  an  inhomogeneous 
cell,  the  4x4  propagation  matrix  method  introduced  by 
Teitler  and  Henvis  [7],  was  first  applied  to  LCDs  by 
Berreman  [8].  In  this  method,  the  liquid  crystal  layer 
is  divided  into  many  thin  slabs  to  consider  each  slab  as 
homogeneous  one.  The  whole  transfer  matrix  given  by 
the  product  of  the  propagation  matrices  for  the  individ¬ 
ual  slabs,  describes  the  relation  between  the  tangential 
components  of  the  electric  arid  magnetic  fields  at  the  en¬ 
trance  of  the  liquid  crystal  layer  and  those  at  the  exit.  For 
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accurate  approximation  in  this  method,  each  slab  must 
be  taken  sufficiently  thin  to  neglect  the  effect  of  higher- 
order  terms  on  the  power  series  of  the  propagation  matrix 
[9].  As  the  slab  becomes  thinner,  however,  it  takes  much 
time  to  manipulate  the  matrices.  Wohler  derived  an  ex¬ 
act  analytical  expression  [10,11]  for  the  4x4  propagation 
matrix  by  means  of  the  Cayley  and  Hamilton  theorem. 
This  requires  much  less  computation  time  compared  with 
the  original  Berreman ’s  4x4  matrix  method.  However,  it 
still  requires  rather  long  numerical  calculation  time  be¬ 
cause  of  the  several  operations  of  matrix  product. 

In  this  paper,  we  discuss  a  modified  algorithm  from 
Chen’s  method  [5]  for  obtaining  a  general  deformation 
profile.  We  also  present  an  analytical  expression  for 
the  eigenvectors  related  to  the  light  propagation  through 
uniaxial  anisotropic  media,  based  on  the  set  of  eigenvec¬ 
tors  described  first  by  Berreman.  Finally,  we  apply  this 
method  to  calculate  the  electro-optical  characteristics  of 
both  LCDs  and  polarizers,  and  compare  the  accuracy 
and  calculation  speed  of  this  method  with  those  of  the 
conventional  methods. 

II-  CALCULATION  OF  DEFORMATION 
PROFILE 

The  equilibrium  deformation  profile  of  LCDs  under  a 
constant  applied  voltage  is  obtained  by  minimizing  the 
electric  Gibbs  free  energy,  which  depends  not  only  on  the 
director  configuration  but  also  on  the  electric  condition. 
Chen  presented  a  general  method  [5]  to  solve  the  defor¬ 
mation  profile  of  chiral  nematic  liquid  crystal  displays 
with  asymmetric  pretilt  angles  for  the  strong  anchoring. 
This  method  is  based  on  minimizing  the  Gibbs  free  en¬ 
ergy  by  using  Euler-Lagrangian  equations  and  Newton- 
Rhapson  method  for  the  numerical  calculation. 

Taking  the  z  axis  perpendicular  to  the  cell  plates  with 
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thickness  d  in  cartesian  coordinates  and  defining  the 
molecular  director  as  tilt  angle  6  and  twist  angle  <j>,  we 
obtain  the  following  equations  describing  the  relations 
between  the  cell  gap  thickness  d,  total  twist  angle  <j)s  and 
the  applied  voltage  V. 
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=  kn  cos2  0  -f  Ar33  sin2  0 
—  (^22  cos2  6  +  Ar33  sin2  0)  cos2  6. 


(4) 


Here  6S\  and  0S 2  are  pretilt  angles  of  2=0  and  z—d,  re¬ 
spectively;  6m  is  the  maximum  tilt  angle;  ( dQ /dz)o~em 
is  gradient  of  tilt  angle  at  the  maximum  tilt  angle;  B  is 
an  integration  constant  of  2  [5];  Dz  is  the  2-direction al 
component  of  displacement  vector;  kn,  £22  and  fc33  are 
the  elastic  constants  of  liquid  crystals  for  splay,  twist  and 
bend,  respectively;  p  is  the  chiral  pitch;  ep  and  ev  are  the 
parallel  and  perpendicular  components  of  the  dielectric 
constants  of  liquid  crystals,  respectively.  The  unknown 
parameters  in  the  equations  6m ,  ( d9/dz)e=eTn)  Dz  and  B 
can  be  solved  by  using  the  Newton- Rhapson  method  [12]. 

In  case  that  9m  is  located  between  6S\  and  Qsi ,  how¬ 
ever,  there  may  be  some  problems  in  choosing  the  initial 
values  of  the  parameters,  especially  6m ,  for  the  numeri¬ 
cal  calculation.  Because  the  function  to  be  integrated  is 
a  complex  trigonometric  function  of  6m ,  0m  do  not  con¬ 
verge  unconditionally  to  the  solution  but  diverge  for  an 
improper  initial  value. 

In  this  method,  taking  6m  as  a  known  parameters  to 
avoid  divergence  in  finding  the  solution  of  8m ,  we  input 
the  value  of  6m  and  then  find  the  two  remaining  param¬ 
eters  B  and  Dz  by  applying  Newton-Rhapson  method 
to  equations  (1)  and  (2).  Finally,  solving  the  following 
equations  (5)  and  (6)  with  B  and  Dz ,  we  obtain  the  de¬ 
formation  profile. 


2  =  ± 


<t>  =  ± 


•  (5) 

|\/^)|  d9  (6) 


The  relation  between  the  applied  voltage  V  and  6m  is 
also  derived  from  equation  (3). 


III.  CALCULATION  OF  LIGHT 
PROPAGATION 


Choosing  coordinates  such  that  2-axis  is  normal  to  the 
interface  and  the  plane  of  incidence  is  in  x2-plane,  Berre- 
man  formulated  following  four  linear  differential  equa¬ 
tions  for  the  light  propagation  in  stratified  anisotropic 
media,  based  on  Maxwell’s  equations  [8], 


^ -  =  ikAift 
dz 


(7) 


where  k  =  w/c  =  27t/A,  A  is  the  wavelength  of  the  inci¬ 
dent  lights,  ^~[EX,  Hy ,  Ey ,  —  Hx]t  is  the  wave  vector, 
and 


A  = 


An  A12  Ai3  0 
A21  An  A23  0 
0  0  0  1 
A23  Ai3  A43  0  _ 

An  =  —Xei3/c33 

A12  =  T—  X2  /e33 
Ai3  =  —Xe23/^33 

A21  =  eii  —  c  2^3/ 633 

A23  =  ^12  —  ^13^23/^33 
A43  =  ^22  —  ^23/^33  —  X2 
X  =  n;  sin  6{ . 


(8) 


The  eigenvalues  of  the  matrix  A  related  mainly  to  the 
dielectric  tensor  e  can  be  derived  as 


with  Ae=e(|  —  ex.  For  each  eigenvalue  of  equation  (9), 
we  find  a  corresponding  eigenvector  as  follows  : 
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n  —  Aj)  —  A23  CLj 
—A2ibj 
— A2i  aj 
\jA21aj 


aj  —  A2iA23  —  Ai3(Ah  —  Aj) 

bj  —  A13A23  -  (A43  -  Aj)(An  -  Aj), 


(10) 


where  Nj  stands  for  normalization  factor.  From  the  set 
of  four  eigenvectors,  the  4x4  matrix  ^  with  elements 
may  then  be  obtained.  The  diagonal  phase  matrix  K  is 
also  obtained  from  the  eigenvalues  of  equation  (9)  as 


Kjj  ~  etqjh}  where  qj  =  (11) 

The  matrices  P  and  F  are  then  evaluated  as  follows; 


P  =  *~lK*  (12) 

F  =  PnPn-i  Pi,  (13) 


where  F  is  the  transfer  matrix  for  the  whole  liquid  crystal 
layer. 

On  the  other  hand,  the  relation  between  the  incident 
and  transmitted  field  vectors  can  be  represented  as  [8] 


where 

an  —  (<732  +  942)/D,  «i2  =  — (012  +  922)/ D  ,  . 

a2i  =  — (^31  +  941)/ D,  0,22  =  (<7n  +  92\)/D  ’ 


and  D—(gu  +  <721X032  +042)  —  (021  +  022X031  +  04i)*  The 
elements  gij  are  related  to  the  elements  of  the  matrix  F , 
the  incident  angle  and  the  refractive  index  of  surround¬ 
ings  [8].  Replacing  EXi  Ey)  Tx  and  Ty  in  equation  (14) 
to  ES}  Ep)  Ts  and  Tp,  respectively,  the  transmittance  for 
the  incident  wave  of  random  polarization  is  derived  as 


1  nt  cos  9t 

2  n,  cos  6{ 


(16) 


M2 

cos2  6t 


-f  |a2i|2  cos2  0i 


where  0,-  and  6t  stand  for  the  incident  and  transmitted 
anlges,  respectively;  and  nt  stand  for  the  refractive 
indices  of  the  entrance  and  exit,  respectively.  This  equa¬ 
tion  can  be  also  used  for  calculating  the  transmittance  of 
polarizers. 

Polarizers  are  considered  as  thin  absorbing  plates  of 
uniaxial  anisotropic  media  with  complex  indices  of  refrac¬ 
tion.  The  optic  axis  of  polarizers  is  located  in  ary-plane, 
so  that  the  dielectric  tensor  is  described  as  a  relatively 
simple  form.  Therefore,  the  eigenvalues  of  the  matrix  A 
is  given  as 


Ai,2  =  ~  X2 


(17) 


The  elements  of  the  matrix  A  is  also  simplified  as  follows; 


A  = 


From  this  matrix,  the  eigenvectors  of  polarizers  are  ob¬ 
tained  as 


0  1- 
Cll  I 

0  I 

C12  1 


X 2 


C33 


0  0 
C12  0 

0  1 

e22-*2  0 


(18) 


Following  the  procedure  of  equations  (12)~(16)  with 
these  eigenvectors,  we  obtain  the  transmittance  of  po¬ 
larizers. 


IV.  RESULTS  AND  DISCUSSION 

Using  the  modified  algorithm  from  Chen’s  method,  we 
calculated  the  molecular  orientation  profile  of  liquid  crys¬ 
tals.  In  this  calculation,  one-dimensional  model  is  used, 
and  strong  anchoring  is  assumed  so  that  the  surface  en¬ 
ergy  is  neglected.  The  values  of  simulation  parameters 
are  listed  in  Table  1. 

Figure  1  shows  the  tilt  angle  6  and  twist  angle  <f>  as 
a  function  of  distance  z  for  a  twisted  nematic  cell  with 
pretilt  angles  of  2°  and  10°.  It  is  clarified  that  the  re¬ 
sult  of  the  present  method  agrees  very  well  with  that  of 
Chen’s  method  as  in  figure  1.  Figure  2  shows  the  defor¬ 
mation  profile  for  a  hybrid  aligned  nematic  (HAN)  mode 
with  pretilt  angles  of  3°  and  90°.  As  the  applied  voltage 
increases,  the  tilt  angle  varies  abruptly  near  the  substrate 
of  pretilt  angle  3°  and  varies  slowly  near  the  pretilt  angle 
90°.  Fig.  3  indicates  the  optical  transmittance  calculated 
by  the  eigenvector  method,  as  a  function  of  applied  volt- 


Table  1.  List  of  parameters  used  in  the  simulation. 


Input  parameter 

Value 

Cell  thickness  d 

5  11m 

Ordinary  refractive  index  n0 

1.47 

Extraordinary  refractive  index  ne 

1.57 

Parallel  dielectric  constant  ep 

5.61 

Perpendicular  dielectric  constant  cv 

5.31 

Splay  elastic  constant  kn 

2.91  xl<r12  [N/m] 

Twist  elastic  constant  £22 

2.03xl0-12  [N/m] 

Bend  elastic  constant  £33 

3.70 xl(T12  [N/m] 

n0  for  polarizer 

1.5— jO. 000025 

ne  for  polarizer 

1.5— jO. 0015 

Polarizer  thickness 

210  fim 

Input  wavelength  A 

550  nm 
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Normalized  Distance  (z/d) 


Fig.  1.  Deformation  profile  of  asymmetric  twist  nematic 
LCD  with  pretilt  angles  2°  and  10°  at  various  applied  volt¬ 
ages.  The  solid  lines  and  circles  indicate  the  results  obtained 
by  the  modified  method  and  Chen’s  method,  redpectively. 


Normalized  Distance  (z/d) 

Fig.  2.  Deformation  profile  of  hybrid  aligned  nematic 
(HAN)  mode  at  different  applied  voltages. 


Applied  Voltage  (volt) 


Fig.  3.  Optical  transmittance  as  a  function  of  applied  volt¬ 
age  for  both  normally  black  and  white  modes.  The  solid  lines 
illustrate  the  results  obtained  by  the  eigenvector  method.  The 
result  obtained  by  the  faster  4x4  matrix  method  are  also 
shown  as  circles  for  comparison. 


Azimuthal  Angle 


Fig.  4.  Contour  plot  of  transmittance  as  a  function  of  in¬ 
cident  and  azimuthal  angles  for  two  crossed  polarizers.  The 
solid  lines  indicate  the  results  obtained  by  the  eigenvector 
mehtod.  The  results  from  Yeh’s  4x4  method  are  also  plotted 
as  circles  on  the  figure  for  comparison. 

age  for  both  normally  black  and  white  modes  with  nor¬ 
mal  incident  light.  For  comparison,  we  also  present  the 
result  obtained  by  using  the  faster  4x4  matrix  method. 
The  two  results  indicate  complete  agreement  as  shown  in 
figure  3. 

As  an  another  example,  we  calculated  the  optical 
transmittance  of  two  crossed  polarizers,  and  showed  the 
result  in  figure  4.  The  result  agrees  well  with  that  of 
Yeh’s  4x4  matrix  method  [13,14].  The  transmittance 
of  two  crossed  polarizers,  namely  leakage  light,  increases 
gradually  up  to  the  incident  angle  about  80°,  and  then 
decreases  abruptly  due  to  the  increase  of  reflection.  As 
can  be  seen  in  figure  4,  a  small  amount  of  leakage  is 
observed  even  for  the  normal  incident  angle.  From  the 
results  shown  in  figure  3  and  4,  the  eigenvector  matrix, 
faster  4x4  matrix  and  Yeh’s  4x4  matrix  methods  are 
found  to  be  all  accurate  for  the  electro-optical  calcula¬ 
tion.  The  computation  speed,  however,  of  the  eigenvector 
matrix  method  is  more  than  twice  faster  than  the  faster 
4x4  matrix  method,  and  as  fast  as  Yeh’s  4x4  matrix 
method. 

V.  CONCLUSIONS 

We  proposed  a  modified  algorithm  from  Chen’s 
method  for  obtaining  a  general  deformation  profile.  In 
case  that  the  maximum  tilt  angle  0m  is  located  between 
the  two  substrates,  taking  6m  as  a  known  parameter  to 
avoid  divergence  in  finding  the  solution  of  0m,  we  input 
the  value  of  0m,  and  then  find  the  solutions  of  the  two 
remaining  parameters  B  and  Dz .  This  method  enables 
us  to  accomplish  stable  and  fast  calculation  of  a  general 
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molecular  orientation  profile.  We  also  presented  an  ana¬ 
lytical  expression  for  the  eigenvectors  related  to  the  light 
propagation  through  uniaxial  anisotropic  media,  based 
on  the  set  of  eigenvetors  described  first  by  Berreman. 
Applying  the  eigenvector  method  to  both  LCDs  and  two 
crossed  polarizers,  we  are  convinced  that  the  calculation 
speed  of  this  method  is  more  than  twice  faster  than  the 
faster  4x4  matrix  method,  and  as  fast  as  Yeh’s  4x4  ma¬ 
trix  method.  Therefore,  this  method  is  considered  to  be 
effective,  with  Yeh’s  4x4  matrix  method,  for  the  calcu¬ 
lation  in  which  accuracy  and  speed  are  required,  such  as 
computing  both  the  leakage  of  two  crossed  polarizers  and 
the  viewing  angle  dependence  of  LCDs. 
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Department  of  Physics,  Kyung  Hee  University,  Seoul  130-701 


We  proposed  a  kickback  voltage  free  pixel  structure  for  a  large- area  TFT-LCD.  A  floating  with 
patterned  common  electrode,  dual  TFT  in  one  pixel  and  opposite  polarity  data  signal  were  employed. 
We  have  calculated  the  kickback  voltage,  the  charging  time,  the  voltage  holding  capability  and  drawn 
a  conclusion  that  the  proposed  structure  overcomes  a  problem  based  on  a  flicker  and  a  DC  level 
shift. 


I.  INTRODUCTION 

In  Active  Matrix  Liquid  Crystal  Display  (AMLCD), 
Thin  Film  Transistors  (TFTs)  are  widely  used  for  the 
switching  elements  [1—4].  The  applications  of  TFT-LCD 
are  recently  diversified  because  of  its  low  production  cost 
and  high-quality  visual  legibility.  Cathode  Display  Tube 
(CDT)  is  being  replaced  by  TFT-LCD  monitor  and  the 
commercial  TV  will  be  also  replaced  by  large-area  LCD 
in  the  future. 

The  kickback  voltage  (AVp)  is  one  of  the  key  issues 
in  the  design  of  the  large-area  AMLCDs  to  obtain  high 
quality  image. 

LCDs  do  not  work  properly  under  DC  bias,  so  they  are 
always  operated  in  the  AC  mode.  Due  to  gate  voltage 
drop  and  the  parasitic  capacitance  Cgs  between  gate  and 
source,  there  is  a  DC  voltage  offset  and  a  kickback  voltage 
AV^>  in  the  pixel  voltage  Vp.  The  AVP  causes  undesirable 
effects  on  the  performance  of  the  LCD  such  as  flicker, 
image  sticking  and  uniformity  of  brightness  [5] . 

Several  driving  schemes  have  been  proposed  to  reduce 
the  AVP  [6—8].  Takeda  [6]  proposed  a  capacitively  cou¬ 
pled  driving  method  to  reduce  the  DC  level  shift.  But, 
this  method  can  be  only  applied  to  the  pixel  structure 
with  a  storage  capacitor  connected  to  the  previous  gate 
bus  line.  Jung  et  al.  [7]  reported  a  segmented  counter 
electrode  structure  to  reduce  the  AVp.  In  order  to  com¬ 
pensate  the  AV^>,  they  apply  the  different  VCOm  to  the 
each  counter  electrode  and  thus  the  DC  level  shift  can  be 
reduced.  But  this  method  can  be  only  applied  to  the  pix¬ 
el  structure  with  extra  segment  counter  electrodes  that 
are  perpendicular  to  the  gate  bus  line. 

The  Cgs  and  AVg  should  be  reduced  and  Cst  should 
be  increased  to  reduce  the  AV^>.  Reduction  of  the  AV^  or 
the  increase  of  the  Cst  leads  to  increase  of  charging  and 
discharging  time.  Therefore,  there  are  certain  limitations 
to  the  reduction  of  the  AVp  by  controlling  the  AVg  and 
the  Cst- 


However,  the  compensation  driving  method  and  pixel 
structure  proposed  so  far  can  not  completely  compensate 
AVP. 

In  the  present  work  we  have  designed  a  AFp  free  pix¬ 
el  structure  which  is  more  useful  for  a  large-area  TFT- 
LCD.  The  new  pixel  structure  overcomes  a  problem  for 
a  flicker  associated  with  AV^,  and  a  DC  level  shift.  We 
calculated  the  AVP,  charging  time  and  voltage  holding 
capability  and  it  was  proved  that  proposed  structure  is 
useful  structure  for  a  large  area  TFT-LCD. 

II.  SIMULATION 

We  used  a  PSPICE  (Professional  Simulation  Program 
with  Integrated  Circuit  Emphasis)  circuit  simulator  im¬ 
plemented  with  an  a-Si:H  TFT  device.  Figure  1  shows 
a  typical  pixel  potential  as  a  function  of  time.  The 
gate  signal  changes  from  Vg0W  to  Vgl9h  ( Vjow  =  —10 
V,  Vjtigh  =  20  V)  with  a  period  of  16.6667  ms.  The  gate 
pulse  width  is  13.8889  fis  for  an  UXGA  (1600x3x1200) 
resolution.  The  rising  and  falling  edges  of  the  gate  pulse 
are  typically  of  the  order  of  microseconds.  Table  1  lists 
the  parameters  for  the  simulation. 
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Table  1.  Parameters  used  for  the  simulation. 


Parameter 

Value 

Panel  size 

40" 

Gate  driving  frequency 

60  Hz 

Gate(Data)  bus- line  thickness 

0.2  jim 

Storage  capacitance 

0.2  pF 

Cell  gap 

5  fim 

Cpa 

3.4,  10.8 

LC  resistivity 

1.2x10^  O-cm 

Resolution 

UXGA(1600x3xl200) 

Gate  bus-line  width 

8  /im 

Gate(Data)  bus-line  metal 

A1 

Data  bus-line  width 

6  fim 

W/L  of  TFT 

12  /xm/4  fim 

Gate  pulse  width 

13.8889  [is 

Pulse  rising  (falling)  time 

1  fis 

Fig.  2.  Equivalent  circuits  of  the  conventional  structure  (a) 
and  the  proposed  structure  (b).  A  floating  common  electrode, 
dual  TFTs  in  a  pixel  and  opposite  polarity  data  signal  have 
been  employed  for  (b). 


Figure  2  shows  the  equivalent  circuit  diagrams  of  the 
conventional  (a)  and  the  proposed  structure  (b).  A  float¬ 
ing  common  electrode,  dual  TFTs  in  a  pixel  and  oppo¬ 
site  polarity  data  signal  have  been  employed  for  AVp  free 
TFT-LCD. 

Figure  3  shows  a  cross-sectional  view  of  the  proposed 
structure.  One  pixel  consists  of  two  subpixels.  A  float¬ 
ing  common  electrode  with  patterned,  dual  TFT  in  one 


Patterned  Floating  Electrode 


Pixel  rro 


Fig.  3.  A  cross-sectional  view  of  the  proposed  structure. 

pixel  and  opposite  polarity  data  signal  were  employed. 
The  shape  of  patterned  common  electrode  is  the  same 
one  of  pixel  electrode  that  is  a  TFT  area  except  from 
conventional  TFT-LCD. 


III.  RESULTS  AND  DISCUSSION 


From  the  charge  conservation  law,  a  AVp  can  be  ex¬ 
pressed  by 


*Vpi 

AVpr 


Cgsi  AVg  +  Cut  AVf 
Cgsl  +  Cld  +  Cstl 
CgsrAVg  +  ClcrAVj 
Cgsr  +  C\cr  +  C$tr 


(i) 


where  the  subscript  /  and  r  indicate  the  left  and  right 
sub-pixels,  respectively.  The  AVP  is  the  pixel  electrode 
voltage  difference  ( Vp  —  Vp).  The  subscript  /  indicates 
the  floating  electrode  and  the  superscript  '  indicates  the 
voltage  at  Vg  =  Vjow .  The  AV^  is  the  voltage  swing  of 
gate  driving  pulse  (Vghi'h  -  Vjow).  The  Cgs,  CXc  and  Cst 
are  parasitic  capacitance,  capacitance  of  LC  and  capaci¬ 
tance  of  storage  capacitor,  respectively. 

The  pixels  have  a  symmetrical  structure  ( Cgs\  =  Cgsri 
C\d  —  C\cr i  Csti  —  Cstr),  then  pixel  voltage  difference 
can  be  represented  as: 


A  1/p*  =  AVpr  =  AVP  (2) 

The  A  V),  the  floating  electrode  voltage  difference 
(Vj  -  Vf),  is  given  by 

Clcl(Vf  -  Vpl)  +  Clcr(Vf  -  Vpr)  (3) 

=  clcl(vj  -  v;t)  +  clcr(vj  -  v;T), 

thus, 


AV>  =  AV^p.  (4) 

In  the  case  of  an  opposite  polarity  data  signal,  left  and 
right  sub-pixels  have  an  opposite  potential. 

Figure  4  shows  the  time  dependence  of  a  pixel  poten- 
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Fig.  4.  Time  dependence  of  a  pixel  potential  (Vsignai  =  5 

V)- 


tial.  The  Vp  reaches  Vsignai  in  the  charging  operation. 
When  the  gate  pulse  goes  low  level  Vgow ,  Vp  is  shifted  by 
A Vp  because  of  the  The  transient  characteristics  of 
Vj  is  similar  to  Vp.  When  the  gate  pulse  goes  Vlgow ,  Vf 
is  shifted  by  AVj  because  of  the  charge  redistribution  to 
be  with  opposite  polarity  Vsignai •  It  thus  appears  that 
the  effective  pixel  electrode  voltage  ( Vp  —  Vj)  does  not 
change. 

Consequently,  in  the  proposed  structure,  the  kickback 
voltage  is  negligible  because  AVP  has  the  same  value  as 
AVj]  therefore,  the  image  quality  degradation  by  the 
kickback  voltage  can  be  avoided. 

The  RMS{VP)  is  root  mean  square  (rms)  value  of 
the  effective  pixel  electrode  voltage  between  pixel  elec¬ 
trode  voltage  Vp  and  common  electrode  voltage  VCOm- 
RMS(VP)  may  be  expressed  as: 

RMS(VP)  =  ]JfJQ  [Vp(t)  -VCom(t)]2dt,  (5) 

where,  T  is  the  period  of  an  alternating  voltage  applied 
to  a  liquid  crystal  [9].  In  the  proposed  Structure,  Vcom  is 
replaced  Vj .  Because  transmittance  of  the  liquid  crystal 
Tic  depends  on  RMS(VP ),  variations  in  RMS(VP)  result 
in  the  difference  in  T\c . 

Figure  5  shows  a  comparison  of  RMS(VP)  between  con¬ 
ventional  and  proposed  structures.  The  proposed  struc¬ 
ture  has  a  small  variation  of  T\c  and  thus  an  excellent 
display  quality. 

Figure  6  shows  the  charging  times  and  AV^’s  for  the 
conventional  and  proposed  structure,  respectively.  The 
A  Vp  of  the  proposed  structure  is  almost  zero.  The  shorter 
charging  time  is  attributed  to  smaller  capacitances  of  Cst 
and  C/c. 

Figure  7  shows  the  pixel  discharging  behavior,  i.e.  the 


Time  (ms) 


Fig.  5.  A  comparison  of  the  RMS(Vp)  between  proposed 
structure  and  conventional  TFT-LCD  (V^nai  —  5  V). 


Fig.  6.  A  comparison  of  pixel  charging  time  and  AV"P  be¬ 
tween  conventional  and  proposed  structures  (Vsignai  =  5  V). 
For  the  proposed  structure  the  charging  is  faster  by  the  small¬ 
er  storage  capacitance. 


Fig.  7.  Pixel  discharging  behavior  for  the  proposed  and 
conventional  TFT-LCD  ( V3ignai  =  5  V). 
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voltage  holding  capability.  The  voltage  holding  capabili¬ 
ty  is  the  almost  same  between  the  proposed  and  conven¬ 
tional  structures. 


IV.  CONCLUSIONS 

A  new  pixel  structure  has  been  proposed  to  have  AVP 
free  TFT-LCD.  A  proposed  pixel  composed  of  floating 
common  electrode,  dual  TFTs  and  two  opposite  polarity 
data  lines.  By  the  PSPICE  simulation,  it  was  proved  that 
the  kickback  voltage  of  the  proposed  structure  is  negligi¬ 
ble.  And  also,  charging  and  discharging  characteristics  is 
simulated  for  the  conventional  and  proposed  structures. 
Proposed  structure  gives  two  times  faster  charging  time 
compared  to  the  conventional  structure  due  to  smaller 
storage  capacitance  still  sustaining  the  same  discharging 
behavior  and  suppressing  the  pixel  voltage  fluctuation. 
Above  results  means  that  proposed  structure  has  high 
quality  image  with  low  flicker  and  high  uniformity  by 
the  abandon  of  kickback  voltage. 
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The  SiC  films  were  deposited  on  Si  substrate  by  the  decomposition  of  CH3SiCl3 
(methylthrichlorosilane)  molecules  in  a  high  frequency  discharge  field.  From  the  Raman  spectra, 
it  is  conjectured  that  the  deposited  film  are  formed  into  the  polycrystalline  structure.  The  photon 
absorption  measurement  reveal  that  the  band  gap  of  the  electron  energy  state  are  to  be  2.4  eV 
for  SiC,  and  2.6  eV  for  Si0.4C0.6,  respectively.  In  the  high  power  density  regime,  methyl-radicals 
decompose  easily  and  increases  the  carbon  concentration  in  plasma  and  result  in  the  growing  films. 


L  INTRODUCTION 

Chemical  vapor  deposition  (CVD)  on  the  heated  sub¬ 
strate  is  a  widely  used  technique  for  the  preparation  of 
SiC  films  on  the  Si  substrates  in  the  industrial  application 
[1].  However,  in  this  processes,  the  substrate  tempera¬ 
ture  must  be  raised  to  near  1400  °C  to  form  a  cohesive 
film.  Such  a  high  temperature,  being  close  to  the  melting 
temperature  of  silicon,  makes  the  process  very  critical.  It 
is  possible  to  decrease  the  temperature  by  using  plasma 
activation  during  the  film  growth  process. 

Recently,  plasma  enhanced  CVD  (PECVD)  has  been 
attracted  much  attentions  for  the  production  of  the  high- 
quality  SiC  films  at  the  low  temperature  [2].  It  has  been 
expected  that  the  SiC  film  which  is  made  using  PECVD 
process  may  not  contain  much  distribution  of  the  void  in 
the  interface  of  the  structure.  It  is  a  reason  of  the  tem¬ 
perature  on  the  substrate  that  make  the  silicon  in  the 
substrate  actively  to  be  out-diffused  into  the  deposited 
SiC  film  to  compensate  dilute  carbon  component  through 
the  chemical  reaction.  But  the  deposited  SiC  films  on 
the  substrate  reveal  amorphous  or  poly  crystalline  states 
because  of  the  lattice  mismatch  and  the  different  ther¬ 
mal  expansion  coefficients  between  the  SiC  film  and  the 
Si  substrate.  Therefore,  there  are  many  researches  in  the 
laboratory  and  the  industrial  scale  to  promote  crystalline 
properties  of  the  deposited  SiC  films.  Among  the  known 
facts  about  PECVD  process,  the  most  important  param¬ 
eter  that  can  make  critical  effects  on  the  deposited  film 
is  the  reaction  gases  in  the  plasma  environment.  The 
reaction  gases  that  the  previous  other  studies  used  are 
produced  from  the  mixtures  of  SiCU,  CH4,  C2H2,  H2, 
etc.  To  deposit  plasma  induced  films,  the  source  gases 
must  be  decomposed  and  reacted  each  other  by  the  ra¬ 
dio  frequencies  (RF)  to  form  SiC  molecular  before  to  be 


cohered  on  the  substrate.  In  this  process,  it  can  make  a 
domain  that  the  silicon  and  the  carbon  occupy  exclusive¬ 
ly  in  the  microscopic  volume.  However,  there  is  anoth¬ 
er  type  reaction  gas  which  can  be  used  in  the  PECVD 
process  like  CH3SiCl3  (methylthrichlorosilane).  This  gas 
is  directly  decomposed  into  H2,  CI2,  SiC,  etc.,  through 
the  interaction  with  RF  discharge  field.  Among  the  de¬ 
composed  gases,  SiC  components  are  deposited  on  and 
the  others  are  evaporated  out  from  the  substrate.  The 
CHaSiCIa  gas  have  enough  physical  properties  candidat- 
ed  for  the  reaction  material  in  the  PECVD  process.  The 
present  study  is  aimed  to  obtain  informations,  from  the 
PECVD  process  using  the  CH3SiCl3  reaction  gas,  that 
can  be  applied  for  manufacturing  the  electronic  devices. 

II.  EXPERIMENTS 

Depositions  of  SiC  films  on  Si  substrate  have  been  per¬ 
formed  with  a  PECVD  system,  operating  at  a  frequency 
of  13.56  MHz.  The  turbo-molecular  pump  and  rotary 
pump  were  combined  to  maintain  the  base  pressure  with 
low  10-7  torr  in  the  plasma  reaction  chamber.  Before 
the  precipitation  of  the  SiC  films,  whole  accessories  of 
the  PECVD  vacuum  chamber  and  substrate  were  etched 
in  hydrogen  atmosphere.  Molecules  of  the  feed  gases 
(CH3SiCl3)  were  delivered  by  the  hydrogen  gas  to  the 
RF  discharge  field,  and  decomposition  of  C  and  Si  atoms 
from  the  plasma  induced  by  the  RF  source.  The  halo¬ 
gen  lamp  were  used  to  control  the  substrate  temperature, 
and  the  temperature  during  the  growth  of  the  films  was 
fixed  at  250  °C. 

The  thickness  of  the  films  have  been  estimated  from 
the  view  of  scanning  electron  microscopy  (SEM)  on  the 
cleaved  lateral  cross  section  of  the  sample.  In  order  to 


-S555- 


-S556- 


Journal  of  the  Korean  Physical  Society,  Vol.  34,  June  1999 


investigate  the  structure  properties,  Raman  spectroscopy 
was  carried  out  in  an  ambient  condition.  In  the  Raman 
scattering  measurement,  the  peaks  which  are  contribut¬ 
ed  due  to  the  Si  substrate  can  be  easily  classified  from 
that  of  the  SiC  film.  The  scan  of  the  wave  number  in 
the  measurement  was  ranged  400~1700  cm-1  to  identify 
the  bonding  phases  formed  in  the  deposited  film.  Pho¬ 
toluminescence  (PL)  spectra  of  the  film  excited  by  ni¬ 
trogen  laser  at  the  nitrogen  temperature  were  also  used 
to  identify  the  exciton  properties  which  are  contributed 
from  the  shallow  defect  levels.  The  PL  measurement  has 
been  carried  out  on  the  film  which  were  positioned  in 
the  vacuum  cryostat  maintained  at  the  liquid  nitrogen 
temperature.  Even  though  the  luminescence  photons  ac¬ 
companying  with  phonon  noise,  it  was  expected  that  the 
principal  peaks  in  the  spectra  could  be  identified.  The 
SiC  film  that  has  been  used  in  the  Raman  experiment 
was  not  employed  in  the  PL  measurement  to  exclude  the 
laser  annealing  effects.  The  incident  light  source  which 
create  the  exciton  in  the  structure  were  nitrogen  gas  laser. 
The  wavelength  of  the  laser  were  3370  A  which  have  the 
enough  energy  to  exit  an  electron  from  valance  band  to 
conduction  band,  not  depending  on  the  crystal  polytype. 
The  monochrometer  used  in  the  PL  measurement  was 
the  same  as  that  in  the  Raman  scattering  experiment. 

Optical  absorption  of  the  SiC  film  has  been  observed 
to  understand  the  inter-band  or  intra-band  transition  be¬ 
havior  of  the  carriers.  The  irradiated  photon  energies 
were  ranged  1 .0~6.0  eV  to  examine  all  the  absorption 
transitions  of  the  carriers  in  the  SiC  film.  The  incident 
photons  were  not  polarized  during  the  measurement  be¬ 
cause  it  had  been  expected  that  the  deposited  SiC  film 
on  the  substrate  can  not  form  the  directional  channels  in 
the  structure  for  the  as-grown  states. 

HI-  RESULTS  AND  DISCUSSION 

Fig.  1  shows  a  Raman  spectrum  of  the  deposited  SiC 
film  which  were  grown  on  the  Si  substrate  with  the  tem¬ 
perature  of  250  °C.  The  peaks  shown  in  the  spectrum 
have  a  full  width  at  half  maximum  (FWHM)  of  ~50  cm-1 
which  is  broad  compared  to  that  of  the  single  crystal. 
From  this  result,  it  can  be  concluded  that  the  deposited 
film  by  PECVD  at  the  low  temperature  has  been  formed 
in  the  poly-crystalline  structure.  Also  it  can  be  under¬ 
stood  that  in  the  poly-crystalline  structure,  the  momen¬ 
tum  conservation  is  relaxed  from  the  single  crystal,  lead¬ 
ing  to  the  participation  of  the  photon  which  have  the 
small  changed  momentum  on  broadening  line  shape  in 
the  Raman  spectrum.  The  centroid  of  the  peak  position, 
generally,  are  shifted  relative  to  the  that  of  the  crystals 
reflecting  on  stress  of  strain  or  the  long  ranged  defects 
like  crevice  in  the  poly-crystalline  structure.  However,  a 
general  sketch  can  be  made  on  the  Raman  spectrum  for 
the  SiC  deposited  film  on  the  Si  substrate.  The  strongest 


peak  located  at  511  cm-1  mode  is  due  to  the  scatted 
photon  came  from  the  Si  substrate.  The  peak  appeared 
at  the  1445  cm-1  seem  to  be  the  contribution  from  the 
second  order  optical  phonon  mode  of  the  SiC  film.  The 
peaks  positioned  at  715  cm"1  and  836  cm"1  are  estimat¬ 
ed  to  be  the  characteristic  modes  of  transverse  optical 
(TO)  and  longitudinal  optical  (LO),  respectively.  There 
are  many  different  features  of  the  peaks  in  the  spectrum 
of  the  SiC  film  which  were  made  using  PECVD  methode 
at  low  temperature.  The  peak  position  of  the  presumed 
LO  mode  in  this  spectrum  deviated  from  the  known  da¬ 
ta  for  the  single  crystal  (about  970  cm"1).  Also,  the 
peak  intensity  of  LO  mode  is  smaller  than  that  of  TO 
mode,  and  there  is  no  any  shoulder  which  can  be  filtered 
from  the  base  line.  Generally,  for  the  SiC  crystals,  the 
peak  intensities  in  the  Raman  spectrum  due  to  LO  mode 
is  larger  than  TO  mode,  and  according  to  the  relative 
directions  between  the  polarization  of  the  incident  laser 
and  the  lattice  symmetries  of  the  crystal,  TO  mode  with 
small  peak  which  are  positioned  around  the  main  peak 
appears  distinctly.  The  reasonable  conjecture  for  this  fea¬ 
ture  in  this  experiment  is  that,  because  there  are  many 
distorted  polytype  in  the  SiC  film  which  can  be  formed 
with  SiC  molecular,  the  phonon  modes  can  be  made  in 
different  fashion  unlike  with  the  crystal.  So  the  base 
line  overlaps  the  weak  peaks  and  unexpected  intensities 
of  the  peaks  appear  with  the  established  peaks.  This  is 
the  same  as  the  discussion  which  was  explained  for  the 
broadened  FWHM  of  the  peaks  [3,4]. 

Fig.  2  shows  the  absorption  measurement  for  the  SiC 
film  as  a  function  of  the  photon  energy.  Generally,  it  has 
been  known  that  a  carrier  in  the  SiC  crystals  transits 
between  the  inter-band  accompanying  with  the  phonon. 
In  the  amorphous  or  poly-crystal  state,  there  are  a  lot  of 
shallow  levels  near  the  band  edges  caused  by  presence  of 
the  defects  in  the  structure.  And,  the  bonding  strength 
between  the  atoms  is  weaker  in  the  amorphous  state  than 
in  the  crystal.  So  absorption  trend  of  the  deposited  SiC 
film  shows  the  smooth  increase  as  shown  in  Fig.  2.  The 
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Fig.  3.  Photoluminescence  spectra  exited  by  nitrogen  laser. 

band  gap  of  the  deposited  SiC  film  was  deduced  to  be 
2.4  eV  (and  2.6  eV)  for  the  SiC  (and  Sio.4Co.6)-  In  the 
high  power  density  regime,  methyl-  radicals  decompose 
easily  and  increases  the  carbon  concentration  in  plasma 
and  result  in  the  growing  films.  The  compositional  ratios 
of  the  chemical  compounds  in  the  structure  were  deter¬ 


mined  from  the  results  of  the  Auger  spectrums. 

In  Fig.  3,  PL  spectra  measured  for  the  SiC  films  at 
liquid  nitrogen  temperature  are  shown.  The  PL  spectra 
reveal  bad  resolution  overlapped  with  the  phonon  noise, 
but  the  peak  positions  of  the  maximum  intensity  due  to 
each  exciton  contribution  can  be  identified  to  be  6300, 
5800,  5300,  and  5100  A  in  the  spectra.  The  band  gap 
energy  of  2.39  eV  which  was  obtained  from  the  absorption 
measurement  is  corresponds  to  the  value  5166  A  of  the 
wavelength.  So  the  exciton  peak  at  5100  A  is  attributed 
to  the  Sio.4Co.6  component  and  the  other  peaks  are  given 
from  SiC  components.  It  is  supposed  that  formation  of 
the  excition  of  the  quasi-particles  is  not  due  to  any  other 
impurities  but  the  hydrogen  because  PECVD  has  been 
established  in  the  hydrogen  atmosphere.  Nevertheless, 
from  the  PL  spectra,  it  can  not  be  identified  what  the 
hydrogen  formed  in  the  impurity  defect  level  near  the 
band  edge  [5]. 

IV.  CONCLUSIONS 

In  order  to  know  the  possibilities  for  obtaining  the  pa¬ 
rameter  which  can  be  applied  in  the  manufacturing  semi¬ 
conductor  device  using  CHaSiCla,  a  PECVD  technology 
was  carried  out  at  low  temperature  to  deposit  the  SiC 
film  on  the  Si  substrate.  From  the  spectroscopic  anal¬ 
yses  for  the  SiC  film,  it  was  found  that  the  deposited 
structure  was  in  the  poly-crystalline  phase,  and  the  band 
gap  in  the  electronic  energy  state  were  to  be  2.4  eV  (and 
2.6  eV)  for  the  SiC  (and  Sio^Coe).  It  has  been  expect¬ 
ed  that  the  PECVD  process  for  making  the  SiC  film  on 
the  Si  substrate  can  be  realized  in  the  device  application 
field. 
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Ni/SiC  Schottky  diodes  have  been  fabricated  using  4H-SiC  and  6H-SiC  epitaxial  wafers.  The 
n-type  epitaxial  layers  grown  on  n*  substrates  have  a  doping  concentration  of  4.0xl016  cm“3  and 
a  thickness  of  10  Oxide  edge  termination  has  been  adopted  in  order  to  obtain  high  breakdown 
voltage  and  low  leakage  current.  The  fabricated  Ni/4H-SiC  and  Ni/6H-SiC  Schottky  barrier  diodes 
show  excellent  rectifying  characteristics  up  to  the  maximum  measured  temperature  of  550  °C.  In  case 
of  oxide  terminated  Schottky  barrier  diodes,  breakdown  voltages  of  973  V  (Ni/4H-SiC  diode)  and  920 
V  (N1/6H-S1C  diode),  and  a  very  low  leakage  current  of  less  than  1  nA  at  -800  V  have  been  observed 
at  room  temperature.  On  Schottky  barrier  diodes  without  edge  termination,  breakdown  voltages 
were  430  V  (Ni/4H-SiC)  and  160  V  (Ni/6H-SiC),  respectively.  At  room  temperature,  Schottky 
barrier  height  (SBH),  ideality  factor,  and  specific  on-resistance  were  1.55  eV,  1.3,  3.6xl0“2  Q  •  cm2 
for  Ni/4H-SiC  Schottky  barrier  diodes,  and  1.24  eV,  1.2,  2.6xl0“2  Ct  cm2  for  Ni/6H-SiC  Schottky 
barrier  diodes,  respectively.  These  results  show  that  both  Ni/4H-SiC  and  Ni/6H-SiC  Schottky 
barrier  diodes  are  very  promising  for  high  temperature  and  high  voltage  applications. 


I.  INTRODUCTION 

Silicon  carbide  (SiC)  is  a  wide  bandgap  semiconduc¬ 
tor  with  excellent  physical  properties  that  make  it  suit¬ 
able  for  power  devices  operating  at  adverse  environment. 
The  large  bandgap  of  SiC  leads  to  extremely  low  leak¬ 
age  currents  and  large  breakdown  voltages  and  allows  de¬ 
vice  operation  at  high  temperatures  [1-3].  Of  the  many 
polytypes  of  silicon  carbide,  4H-SiC  and  6H-SiC  have 
bandgaps  of  3.2  eV  and  3.0  eV,  respectively.  The  room 
temperature  electron  mobilities  of  443  cm2/V  s  (4H-SiC) 
and  320  cm2/ V  s  (6H-SiC)  are  commonly  used  based  on 
the  fit  of  the  Caughey  and  Thomas  relation  to  the  ex¬ 
perimental  data  of  Hall  measurements  made  on  n-type 
epilayers  doped  in  the  range  of  lxlO16  to  3xl019  cm“3 
[4,5].  Many  SiC  devices  depend  crucially  on  metal  con¬ 
tacts  whose  electrical  properties  are  dominated  by  the 
Schottky  barrier  height,  $5.  Thus  the  knowledge  of 
values  allows  selection  of  metals  appropriate  for  high  $ b 
rectifying  contacts  and  ohmic  contacts  with  low  contact 
resistivity.  Schottky  barrier  diode  is  a  majority  carrier 
device  which  does  not  have  the  storage  effect  of  minor¬ 
ity  carriers  and  is  therefore  suitable  for  high  frequency 
power  devices  with  low  power  losses  [6].  In  power  sup¬ 


ply  systems,  operation  at  higher  frequencies  is  attrac¬ 
tive  because  of  the  reduction  in  size  and  power  losses  in 
the  passive  components  which  leads  to  a  more  efficient, 
compact  system  design.  To  accomplish  higher  frequency 
operation  in  power  circuits,  it  is  essential  to  use  power 
rectifiers  with  improved  switching  performance  [7], 

In  this  study,  we  made  Ni/4H-SiC  and  Ni/6H-SiC 
Schottky  barrier  diodes  using  silicon  carbide  epi  wafers 
and  investigated  their  electrical  properties.  Oxide  edge 
termination  has  been  employed  to  improve  the  break¬ 
down  characteristics  and  to  reduce  the  reverse  leakage 
current.  Electrical  properties  have  been  measured  under 
forward  and  reverse  bias  at  room  temperatures  and  at 
elevated  temperatures  up  to  550  °C. 

II.  EXPERIMENTS 

As  the  starting  material,  we  used  commercially  avail¬ 
able  (Cree  Researh  Inc.  Durham,  NC,  USA)  n-type  4H- 
SiC  and  6H-SiC  wafers  with  10  ptm  thick  n+  4H-SiC  and 
6H-SiC  epilayers  doped  to  4.0xl016  cm“3.  They  have 
Si-face  tilted  3.5  to  8  degrees  from  the  (0001)  direction. 
The  n-type  substrates  have  doping  concetrations  of  (3~8) 
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(a)  (b) 


Fig.  1.  Schematic  cross-section  of  Ni/SiC  Schottky  barrier 
diodes,  (a)  Oxide  terminated  structure  and  (b)  Structure 
without  edge  termination. 

1018  cm"3.  Fig.  1  shows  the  schematic  cross-section  of 
the  Ni/SiC  Schottky  barrier  diodes  with  and  without  ox¬ 
ide  edge  termination.  For  oxide- terminated  diodes,  the 
general  process  of  the  device  fabricatoin  is  1)  cleaning,  2) 
oxidation,  3)  removal  of  oxide  from  backside  of  the  wafer 
4)  Ohmic  contact  on  the  backside,  5)  formation  of  the 
oxide  windows,  6)  deposition  of  Ni  and  Ni  pad  formation 
by  lithography,  7)  wire  bonding,  and  8)  testing. 

The  cleaning  of  the  surface  is  very  important  since  any 
natural  oxide  layer  or  contaminant  in  the  interface  be¬ 
tween  metal  and  semiconductor  will  deteriorate  the  per¬ 
formance  of  the  devices.  We  used  RCA  method  [8]  to 
clean  .the  surface.  After  the  cleaning,  oxide  layer  was 
grown  by  wet  thermal  oxidation.  For  4H-SiC,  oxidation 
was  carried  out  for  10  hours  at  1350  °C  and  for  6H-SiC, 
oxidation  was  done  at  1300  °C  for  6  hours  in  order  to  get 
oxide  thickness  of  2000  A  [9] .  The  oxide  thicknesses  were 
measured  using  an  ellipsometer. 

The  oxide  on  the  backside  of  the  wafer  was  removed 
using  10  %  HF  while  protecting  the  front  surface  with 
photoresist.  In  order  to  form  ohmic  contact  at  the  back¬ 
side,  2000  A  of  Au  was  deposited  and  annealed  at  720  °C 
for  15  minutes  [10]. 

The  oxide  window  was  formed  by  lithography  and 
etched  in  10  %  HF  solution.  The  sizes  of  the  oxide 
windows  are  80x80  cm2,  180x180  cm2,  and  280x280 
cm2  for  the  oxide  edge  termination  structure.  Ni  was 
evaporated  at  a  pressure  of  8.7 xl0“7  Torr  to  a  thick¬ 
ness  of  2000  A.  After  defining  the  Ni  pads  by  lithogra¬ 
phy,  remaining  Ni  was  etched  by  the  Ni-etching  solution 
of  HNO3:CH3COOH:H2SO4:H2O=5:5:2:10.  For  devices 
without  edge  termination,  circles  of  Ni  pads  with  300um 
diameter  were  evaporated  using  shadow  mask. 

The  Schottky  barrier  height  (SBH),  ideality  factor 
(n),  and  the  breakdown  voltage  ( Vrr )  have  been  de¬ 
termined  from  I-V  and  C-V  measurements.  From  I-V 
measurement,  Schottky  barrier  height  and  ideality  factor 
are  obtained  from  the  following  equations  [7,11]. 


=  A*r2exp(-^)  (3) 

where  the  parameter  Ecr  is  the  maximum  breakdown 
electric  field,  es  is  the  dielectric  constant,  q  is  the  electron 
charge,  Nd  is  the  doping  concentration,  J0  is  the  reverse 
saturation  current  density,  Vp  is  the  forward  bias  voltage, 
n  is  the  ideality  factor,  k  is  the  Boltzmann  constant,  T  is 
the  absolute  temperature,  A*  is  the  effective  Richardson 
constant,  and  $b  is  the  Schottky  barrier  height.  The 
specific  on-resistance  ( Ron )  is  the  total  resistance  in  series 
and  is  given  by  the  following  equation. 

V>  =  In  +  RonJp  (4) 

From  C-V  measurement,  Schottky  barrier  height  and 
doping  concentration  are  obtained  from  the  following 
equations  [7,11]. 

_  2(Vbi  A  Vr)  (5) 

C2  qcsNda2 

IcT 

*b  =  Vn  +  Vhi+ - A<D  (6) 

q 

where  V&*  is  the  built-in  potential,  Vn  is  the  potential 
difference  between  Fermi  level  and  the  conduction  energy 
(Ec),  is  the  reduction  by  image  force  lowering,  and 
a  is  the  area  of  the  diode. 

III.  RESULTS  AND  DISCUSSION 

Fig.  2  shows  the  I-V  characteristics  of  the  oxide  termi¬ 
nated  Ni/4H-SiC  Schottky  barrier  diode  at  room  temper¬ 
ature.  The  breakdown  voltage  is  973  V.  This  breakdown 
voltage  is  much  larger  than  that  of  the  diode  without 
termination  which  is  430  V  (Fig.  3).  The  doping  con¬ 
centration  ( Nd  ~  4.3  x  1016  cm-3)  was  determined  from 
the  C-V  measurement.  Using  this  value,  the  theoretical 
breakdown  voltage  from  Eq.  (1)  is  1100  V.  Therefore  the 


Bias  Voltage(V) 

Fig.  2.  I-V  characteristics  of  oxide- terminated  Ni/4H-SiC 
Schottky  diode  at  room  temperature. 
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Fig.  3.  I-V  characteristics  of  Ni/4H-SiC  Schottky  diode 
without  oxide  termination  at  room  temperature. 


Fig.  5.  C-V  characteristics  of  Ni/4H-SiC  Schottky  diode 
without  oxide  termination. 


Fig.  4.  I-V  characteristics  of  Ni/4H-SiC  Schottky  diode 
without  oxide  termination  at  elevated  temperatures. 


Fig.  6.  I-V  characteristics  of  oxide-terminated  Ni/6H-SiC 
Schottky  diode  at  room  temperature. 


oxide  edge  termination  is  an  effective  method  of  obtaining 
high  breakdown  voltage  that  approaches  the  theoretical 
value.  The  ideality  factor  of  the  oxide  terminated  device 
is  1.3  and  the  Schottky  barrier  height  is  1.55  eV. 

Fig.  4  shows  the  high  temperature  I-V  characteristics 
of  Ni/4H-SiC  Schottky  diode  without  oxide  termination. 
The  rectifying  characteristics  of  the  diode  changes  little 
even  at  300  °C.  The  C-V  curve  of  the  non-terminated 
Ni/4H-SiC  Schottky  barrier  diode  is  shown  in  Fig.  5. 
Schottky  barrier  height  from  Eq.  (6)  is  1.81  eV.  This 
value  is  slightly  different  from  the  value  determined  from 
TV  measurement.  Itoh,  et  al  reported  similar  results 
[12].  It  is  considered  that  the  disregard  of  the  image 
force  lowering  is  responsible  for  the  discrepancy.  The 
measured  specific  on-resistance  is  0.0056  Q,  •  cm2  and  the 
forward  current  density  is  400  A/cm2  at  4  V. 

Fig.  6  shows  the  I-V  characteristics  of  the  oxide- 
terminated  Ni/6H-SiC  Schottky  diode  at  room  temper¬ 
ature.  The  maximum  breakdown  voltage  is  920  V  and 
the  leakage  current  is  less  than  1  nA  until  800  V.  Com¬ 
paring  this  value  with  the  breakdown  voltage  of  160  V 
for  the  diode  without  termination,  the  effectiveness  of 
the  oxide  edge  termination  is  quite  clear.  The  specific 


on-resistance  is  0.026  Q  •  cm2  and  the  forward  current 
density  is  30  A/cm2  at  4  V.  The  ideality  factor  and  the 
Schottky  barrier  height  are  1.2  and  1.24  eV,  respective¬ 
ly.  This  barrier  height  agrees  quite  well  with  the  results 
of  Waldrop  et  al  (1.27  eV)  and  Lang  et  al  (1.7  eV) 
[13,14].  Compared  with  the  devices  without  edge  ter- 


Fig.  7.  I-V  characteristics  of  Ni/6H-SiC  Schottky  diode 
without  oxide  termination  at  elevated  temperatures. 
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Table  1.  Summary  of  characteristics  of  Ni/SiC  Schottky  diodes. 


Ni/4H-SiC 

Ni/6H-SiC 

w/o  Termination 

Oxide  Termination 

w/o  Termination 

Oxide  Termination 

Breakdown  voltage  (V) 

430 

973 

160 

920 

Schottky  barrier  height  (eV) 

1.59,  1.81  (CV) 

1.55 

1.22 

1.24 

Ideality  factor 

1.08 

1.3 

1.24 

1.2 

Turn-on  voltage  (V) 

1.3 

1.5 

1.1 

1.1 

Ron  (ohm  cm2) 

0.0056 

0.036 

0.006 

0.026 

mination,  the  oxide  terminated  diodes  have  somewhat 
deteriorated  forward  I-V  characteristics  with  higher  on- 
resistance  and  lower  current  density.  This  may  have  been 
caused  by  residual  contaminants  or  oxide  layer  that  has 
not  been  completely  removed  from  the  interface  between 
Ni  and  silicon  carbide. 

Fig.  7  shows  the  I-V  characteristics  of  the  oxide- 
terminated  Ni/6H-SiC  Schottky  diode  at  elevated  tem¬ 
peratures.  The  rectifying  characteristics  of  the  diodes 
change  little  for  temperatures  up  to  550  °C.  The  electri¬ 
cal  properties  of  the  Ni/4H-SiC  and  Ni/6H-SiC  Schotkky 
diodes  with  and  without  oxide  edge  termination  are  sum¬ 
marized  in  Table  1. 

IV.  CONCLUSIONS 

We  have  fabricated  Ni/4H-SiC  and  Ni/6H-SiC  Schot¬ 
tky  diodes  using  epitaxial  silicon  carbide  wafers.  Ther¬ 
mal  oxide  has  been  used  to  make  edge  termination  struc¬ 
tures.  The  fabricated  Ni/SiC  Schottky  barrier  diodes 
have  a  maximum  breakdown  voltage  of  973  V  and  an 
operating  temperature  of  550  °C.  Forward  current  den¬ 
sity  is  over  400  A/cm2  with  an  on-state  resistance  as 
low  as  0.0056  ft  •  cm2.  The  observed  maximum  break¬ 
down  voltage  approaches  the  theoretical  value  of  1100  V 
and  therefore  indicates  the  effectiveness  of  the  oxide  edge 
termination.  The  slight  deterioration  of  the  forward  I-V 
characteristics  with  higher  on-resistance  and  lower  cur¬ 
rent  density  may  have  been  caused  by  residual  contam¬ 
inants  or  oxide  layer  that  has  not  been  completely  re¬ 
moved  from  the  interface  between  Ni  and  silicon  carbide. 
This  problem  may  be  solved  by  more  carefully  monitoring 
the  oxide  window  etching  and  cleaning  processes.  The  re¬ 
sults  demonstrate  clearly  that  silicon  carbide  can  be  used 
for  high  voltage  power  devices  which  can  operate  at  very 
high  temperatures. 
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Nanocrystalline  silicon  carbide  thin  films  have  been  deposited  by  plasma  enhanced  chemical  vapor 
deposition  (PECVD)  using  SiKU,  CH4,  and  H2  gases.  The  effects  of  gas  mixing  ratio  (Ct^/SiH^, 
deposition  temperature,  and  RF  power  on  the  film  properties  have  been  studied.  The  growth 
rate,  refractive  index,  and  the  optical  energy  gap  depends  critically  on  the  growth  conditions.  The 
dependence  of  the  growth  rate  on  the  gas  flow  ratio  is  quite  different  from  the  results  obtained  for 
the  growth  using  C2H2  gas  instead  of  CH4.  As  the  deposition  temperature  is  increased  from  300 
C  to  600  °C,  hydrogen  and  carbon  content  in  the  film  decreases  and  as  a  result  the  optical  gap 
decreases.  At  the  deposition  temperature  of  600  °C  and  RF  power  of  150  W,  the  film  structure  is 
nanocrystalline.  As  the  result  of  the  nanocrystallization  the  dark  conductivity  is  greatly  improved. 
The  nanocrystalline  silicon  carbide  thin  films  may  be  used  for  large  area  optoelectronic  devices  such 
as  solar  cells  and  thin  film  electroluminescence  devices. 


I.  INTRODUCTION 

Hydrogenated  amorphous  silicon  carbide  (a-Sii_xCx: 
H)  is  a  potential  material  for  large  area  optoelectronic 
devices  in  a  wide  spectral  range  due  to  the  continuously 
controllable  optical  and  electrical  properties.  There  are 
many  possible  applications  such  as  solar  cells,  thin  film 
light  emitting  diodes  (TFLEDs)  and  thin  film  electro¬ 
luminescence  devices  (TFELDs)  for  flat  panel  displays 
(FPDs).  Because  of  the  capability  of  the  material  to 
emit  light  in  the  full  visible  wavelength  range,  it  is  an 
especially  promising  material  for  large  area  color  display 
devices  [1-3].  However,  the  poor  electrical  properties  of 
a-Sii_xCx:H  films  make  it  difficult  to  fabricate  optoelec¬ 
tronic  devices.  The  dark  conductivity  of  a-Sii_xCx:H 
films  is  usually  10“ 10  Q"1cm“1  or  below  [4,5].  If  it  is  pos¬ 
sible  to  grow  nanocrystalline  silicon  carbide  (nc-SiC:H) 
thin  films  at  conditions  similar  to  that  for  the  growth 
amorphous  silicon  carbide,  the  electrical  properties  can 
be  improved  so  that  large  area,  thin  film  optoelectronic 
devices  may  be  fabricated. 

It  is  well  known  that  the  carbon  content  and  the  degree 
of  hydrogenation  affect  the  characteristics  of  a-Sii_xCx:H 
films.  The  ratio  of  silane  and  hydrocarbon  in  the  gas 
phase  during  PECVD  process  have  strong  influence  on 
the  structure  and  the  optical  and  electrical  properties 
[5-8].  H2  dilution  promotes  diamond-like  C-C  bonding 
in  the  form  of  sp3  over  graphite-like  sp2  and  affects  ener¬ 
gy  gaP  [9,10].  Therefore  we  can  control  the  optical  and 
electrical  properties  as  well  as  the  band  gap  energy  by 
varying  the  gas  composition  and  growth  conditions  such 
as  RF  power  density  and  substrate  temperature. 


In  this  work,  we  examined  the  growth  rate,  refractive 
index,  and  optical  energy  gap  ( Eopt )  as  a  function  of  the 
gas  mixing  ratio  of  the  reaction  gases  diluted  in  H2  in 
the  PECVD  process.  The  effects  of  temperature  and  RF 
power  on  the  film  structure  have  been  observed  by  Fouri¬ 
er  transform  infrared  (FT-IR)  spectra  and  transmission 
electron  microscopy. 

II.  EXPERIMENTS 

The  samples  studied  in  this  work  were  prepared  by 
plasma  enhanced  chemical  vapor  deposition  (PECVD) 
using  SiH4  (5  %  in  H2)  and  CH4  (5  %  in  H2)  as  source 
gases.  The  horizontal  quartz  reactor  has  an  inner  diam¬ 
eter  of  58  mm.  A  boron  nitride  heater  was  used  to  heat 
the  substrate.  Plasma  was  generated  using  an  inductive¬ 
ly  coupled  RF  source  at  13.56  MHz  with  a  maximum  RF 
power  of  500  W. 

The  Sii_x<^x:H  films  were  deposited  on  Si(100)  or 
Corning  7059  glass  with  a  size  of  1.6x1. 6  cm2.  The  sub¬ 
strates  were  cleaned  using  trichloroethylene,  acetone  and 
methanol.  The  flow  rate  of  SiH4  (5  %  in  H2)  was  fixed 
at  100  seem  and  the  flow  rate  of  CH4  (5  %  in  H2)  was 
varied  from  0  to  150  seem  so  that  the  gas  mixing  ratio 
2/=CH4/SiH4  was  controlled  between  0  and  1.5.  H2  dilu¬ 
tion  ratio  was  95  %.  The  substrate  temperature  and  RF 
power  were  varied  from  300  °C  to  700  °C  and  from  50  W 
to  300  W,  respectively.  The  pressure  during  growth  was 
maintained  at  0.4  Torr  and  the  deposition  time  was  2.5 
hours. 

We  used  a  step  measurement  system  (a-step)  and  an 
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ellipsometer  to  measure  the  thickness  of  the  films.  Opti¬ 
cal  properties  of  the  films  were  measured  using  UV/VIS 
spectrophotometer  (HP8452A)  and  FT-IR  spectrometer 
(Bomem).  The  optical  energy  gap,  Eopt,  was  estimat¬ 
ed  using  the  Tauc’s  relation,  ahv=B(hv  —  Eopt )2,  where 
B  is  a  constant.  Transmission  electron  microscopy  and 
selected  area  diffraction  (SAD)  were  used  to  study  the 
microstructure  of  the  films. 


III.  RESULTS  AND  DISCUSSIONS 

The  growth  rate  of  the  Sii_rCr:H  films  is  shown  in 
figure  1.  The  growth  conditions  are  summarized  in  Table 
1.  The  growth  rate  drops  sharply  at  first  as  we  begin  to 
add  carbon  in  the  film  and  then  it  increases  slowly  until 
the  gas  mixing  ratio  reaches  1.0.  Beyond  that,  the  growth 
rate  decreases  again  slowly.  The  increase  of  the  growth 
rate  with  the  gas  flow  ratio  is  consistent  with  the  results 
of  other  works  [8,11].  The  decrease  of  the  growth  rate 
above  y— 1.0  can  be  explained  by  the  fact  that  the  total 
pressure  was  kept  constant  and  therefore  the  amount  of  Si 
source  gas  in  the  reactor  begins  to  decrease  considerably 
for  gas  mixing  ratio  above  1.0.  The  unique  feature  of 
our  result  is  the  sharp  decrease  of  the  growth  rate  for 
y=0.2  from  that  for  t/=0.0.  For  comparison,  Nakayama 


Table  1.  Parameters  used  for  PECVD  growth.  The  param¬ 
eters  used  by  Nakayama  et  al.  are  shown  for  comparison. 


This  work 

Nakayama  et  al. 

Reaction  gas 

SiH4  :  5  seem 

SiH4  :  100  seem 

CH4  :  0—7.5  seem 

C2H2  :  0-100  seem 

H2  dilution 

95  % 

300  seem 

Pressure 

0.4  Ton 

0.45  Torr 

RF  power 

50~300  W 

150  W 

Temperature 

300~700  °C 

300  °C 

200 

150 

100 

50 

0 

0.0  0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6 


Gas  Flow  Ratio  of  CH4/SiH4 

Fig.  1.  Growth  rate  of  Sii_xCx:H  films  as  a  function  of  gas 
mixing  ratio. 


Fig.  2.  Refractive  index  of  Sii_xCx:H  thin  films  as  a  func¬ 
tion  of  gas  mixing  ratio. 


Gas  Flow  Ratio  of  CHVSiH . 

4  4 

Fig.  3.  Optical  energy  gap  of  Sii_xCx:H  thin  films  as  a 
function  of  gas  mixing  ratio. 

et  al.  and  Kuhman  et  al.  reported  that  the  growth  rate 
was  lowest  when  t/=0.0.  The  different  results  may  be 
explained  by  the  fact  that  different  carbon  source  gases 
were  used.  They  used  C2H2  gas  while  we  used  CH4  gas. 
The  thermal  dissociation  energy  of  CH4  is  larger  than 
that  of  C2H2.  Hence  the  addition  of  CH4  gas  may  cause 
the  growth  rate  to  drop  initially.  However,  as  more  CH4 
gas  becomes  available  in  the  reactor  chamber,  the  growth 
rate  increase  slowly. 

As  the  gas  mixing  ratio  is  changed  from  0.0  to  1.5,  the 
refractive  index  of  the  film  decreases  from  3.5  to  2.0  (Fig. 
2)  while  the  optical  energy  gap,  Eopt)  increase  from  1.40 
eV  to  2.78  eV  (Fig.  3).  The  refractive  index  of  3.5  and 
Eopt  of  1.4  eV  for  y— 0.0  are  typical  of  a-Si:H  films.  The 
changes  of  the  refractive  index  and  Eopt  with  the  gas  mix¬ 
ing  ratio,  y}  is  consistent  with  the  results  of  other  works 
[8,11].  Since  it  has  been  demonstrated  that  the  actual 
carbon  content  in  the  Sii-xC^H  film  is  nearly  propor¬ 
tional  to  the  gas  mixing  ratio,  y,  the  relation  between  the 
refractive  index  and  the  carbon  content  of  the  film  and 
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Fig.  4,  Optical  energy  gap  of  Sii_xCx:H  thin  films  as  a 
function  of  growth  temperature. 

the  relation  between  Eopt  and  the  carbon  content  of  the 
film  can  be  directly  established  [9]. 

The  effect  of  growth  temperature  upon  the  film  struc¬ 
ture  has  been  examined  while  fixing  the  gas  mixing  ratio 
and  RF  power  at  1.0  and  50  W,  respectively.  When  the 
temperature  is  increased  from  300  °C  to  600  °C,  the  opti¬ 
cal  gap  is  decreased  from  2.75  eV  to  2.25  eV  (Fig.  4).  It  is 
considered  that  the  large  change  of  Eopt  with  the  growth 
temperature  is  due  to  the  structural  changes  as  well  as  to 
the  changes  in  carbon  content  of  the  film.  Figure  5  shows 
IR  absorption  spectra  of  the  films  grown  at  300,  400,  500 
and  600  °C.  The  observed  peaks  are  attributed  to  Si- 
Hn  stretching  mode  (2100  cm-1)  [12,13],  Si-C  stretching 
mode  (780  cm”1)  [14-16],  and  C-Hn  wagging  or  rocking 
mode  (1030  cm-1)  [14,15].  As  the  temperature  increases, 
Si-Hn  stretching  mode  and  C-Hn  wagging  mode  decreas¬ 
es.  This  means  that  the  amount  of  hydrogen  and  carbon 
in  the  film  is  reduced.  Wickramanayaka  et  al.  [17]  re¬ 
ported  that  hydrogen  content  in  a-SiC:H  thin  films  is  re¬ 
duced  as  the  annealing  temperature  is  increased  from  100 


Wavenumber  (cm'1) 


Fig,  5.  IR  absorption  spectra  of  Sii_xCx:H  thin  films 
grown  at  different  temperatures. 
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°C  to  600  °C.  They  suggest  that  the  sites  previously  oc¬ 
cupied  by  hydrogen  atoms  form  dangling  bonds  and  the 
dangling  bonds  introduce  large  density  of  states  which 
causes  the  Eopt  to  decrease  significantly.  Figure  5  also 
shows  that  the  C-Hn  wagging  or  rocking  mode  decreases 
as  the  growth  temperature  is  increased.  Since  the  opti¬ 
cal  gap  is  dependent  on  the  carbon  content  in  Si_xCx:H 
thin  films,  it  is  supposed  that  the  carbon  content  is  also 
decreased.  As  the  hydrogen  content  is  reduced,  the  Eopt 
was  reduced  to  2.25  eV  when  the  growth  temperature 
was  600  °C  at  an  RF  power  of  50  W.  However,  the  Si-C 
bonding  was  increased.  This  indicates  therefore  that  de¬ 
spite  the  reduction  of  carbon  content,  the  structure  of  the 
film  begins  to  have  crystalline  phase  of  silicon  carbide. 

Figure  6  and  7  show  the  optical  gap  and  the  IR  ab¬ 
sorption  spectra  of  the  films  grown  at  600  °C  with  dif¬ 
ferent  RF  power.  As  RF  power  is  increased  from  50  W 
to  125  W,  Eopt  is  increased  from  2.25  eV  to  3.0  eV.  The 
IR  absorption  spectra  shows  that  as  the  RF  power  is  in¬ 
creased,  the  peak  due  to  Si:C  stretching  mode  becomes 


Fig.  6.  Optical  energy  gap  as  a  function  of  RF  power. 
Growth  temperature  is  600  °C. 


Wavenumber  (cm’1) 


Fig.  7.  IR  absorption  spectra  of  Sii_xCx:H  thin  films 
grown  with  different  RF  power.  Growth  temperature  is  600 
°C. 


Growth  of  Nanocrystalline  Silicon  Carbide  Thin  Films  by  •  •  •  -  S.  W.  Lee  et  al 
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(a)  (b) 


Fig.  8.  (a)  Selected  area  electron  diffraction  (SAD)  pattern 
of  Sii-a;Cx:H  thin  film  grown  at  700  °C  with  RF  power  of  300 
W.  (b)  Transmission  electron  micrograph  of  the  same  sample. 
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Fig.  9.  Dark  conductivity  of  Sii_xCx:H  thin  films  as  a  fun- 
tion  of  RF  power  and  growth  temperature. 


sharper  and  stronger.  The  FWHM  of  Si-C  stretching 
mode  narrowed  down  from  204  cm-1  to  102  cm  1  and 
the  peak  shifted  slightly  from  780  cm-1  to  800  cm  1 . 
Chen  et  al  [18]  suggested  that  the  peak  at  800  cm"1  is 
due  to  SiC  TO  phonon  mode.  These  observations  indi¬ 
cate  that  more  carbon  atoms  in  the  film  are  forming  Si-C 
bonding,  changing  the  structure  of  the  film  from  amor¬ 
phous  to  nanocrystalline.  Therefore,  both  higher  growth 
temperature  and  higher  RF  power  tend  to  increase  the 
crystallinity  of  the  film.  However,  the  latter  tends  to  in¬ 
crease  the  carbon  content  and  the  optical  gap  of  the  film 
while  the  former  tends  to  decrease  the  carbon  content 
and  the  optical  gap  of  the  film.  These  observations  can 
be  used  to  control  the  optical  gap  and  the  film  structure 
simultaneously. 

Figure  8(a)  show  the  electron  diffraction  pattern  of  the 
film  grown  at  700  °C  with  an  RF  power  of  300  W.  The 
SAD  pattern  suggests  that  the  film  consists  of  amorphous 
matrix  with  small  crystalline  grains.  The  transmission 
electron  micrograph  of  the  same  film  shows  clearly  that 


the  film  structure  is  nanocrystalline  with  grain  sizes  rang¬ 
ing  from  a  few  nanometers  to  a  hundred  nanometers  (Fig¬ 
ure  8(b)).  The  films  grown  at  lower  temperatures  and  at 
lower  RF  power  are  thought  to  have  similar  structures 
with  smaller  grain  sizes. 

Figure  9  shows  the  improvement  of  dark  conductivity 
due  to  the  crystallization  of  the  Sii_xCx:H  films.  The 
typical  dark  conductivity  of  a-Sii_xCx:H  film  grown  at 
300  °C  is  7.0xl0_1°  ft-1  cm"1  while  the  dark  conduc¬ 
tivity  of  nc-Sii-xCx:H  film  grown  at  600  °C  is  as  high 
as  3.1  xlO"5  ft"1  cm"1.  It  is  evident  that  the  nanocrys¬ 
tallization  of  the  Sii_xCx:H  films  greatly  improves  the 
electrical  properties  of  the  films. 

IV.  CONCLUSIONS 

We  have  deposited  amorphous  and  nanocrystalline  sil¬ 
icon  carbide  thin  films  by  plasma  enhanced  chemical  va¬ 
por  deposition  (PECVD)  using  SiH/j,  CH4,  and  H2  gases. 
The  effects  of  gas  mixing  ratio  (CH^SiH^,  deposition 
temperature,  and  RF  power  on  the  film  properties  have 
been  studied.  The  growth  rate,  refractive  index,  and  the 
optical  energy  gap,  EopU  depends  critically  on  the  growth 
conditions.  When  CH4  gas  is  used  as  carbon  source  gas, 
the  dependence  of  the  growth  rate  on  the  gas  flow  ratio  is 
quite  different  from  the  results  obtained  for  the  growth 
using  C2H2  gas.  As  the  deposition  temperature  is  in¬ 
creased  from  300  °C  to  600  °C,  hydrogen  and  carbon 
content  in  the  film  decreases  and  a s  a  result  the  opti¬ 
cal  gap,  Eopti  decreases.  At  the  deposition  temperatures 
over  500  °C  and  RF  power  of  150  W,  the  film  structure 
is  nanocrystalline.  It  is  thought  that  the  film  consists  of 
amorphous  matrix  with  small  crystalline  grains  ranging 
in  size  from  a  few  nanometers  to  a  hundred  nanometers. 
As  the  result  of  the  nanocrystallization  the  dark  conduc¬ 
tivity  is  improved  by  more  than  four  orders  of  magnitude. 
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Monte  Carlo  Simulation  on  Electron  Transport  in 
Si^yCy  Alloy  Layers 
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We  investigated  electron  transport  in  strained  Sii_yCy  alloy  layers  grown  on  Si(100)  substrates 
using  the  Monte  Carlo  simulation.  The  electron  mobility  higher  than  that  of  bulk  Si  over  a  wide 
range  of  temperatures  from  40  K  to  300  K  is  mainly  attributed  to  the  valley  splitting  induced  by  the 
tensile  strain  in  the  Sii_yCy  layer.  For  lower  temperatures  less  than  100  K  the  mobility  increases 
sharply  depending  on  the  carbon  fraction  Up  to  about  0.6  %.  Beyond  the  fraction,  however,  it 
keeps  almost  constant  regardless  of  increasing  the  carbon  fraction.  On  the  other  hand,  we  observe 
a  monotonic  mobility  increase  with  increasing  the  carbon  fraction  for  a  higher  temperature  regime. 


I.  INTRODUCTION 

Carbon-containing  group  IV  materials  such  as 
Sii_yCy ,  Gei_yCy ,  and  Sii-r-yGe^Cy  alloys  are  new 
materials  and  have  recently  attracted  much  attention  be¬ 
cause  of  their  advantages  than  bulk  Si  and  Sii_rGey  alloy 
and  their  potential  for  high  speed  devices  [1-3].  Epitax¬ 
ially  grown  Sii-^Gey  layer  results  in  a  strained  crystal, 
which  has  advantages  since  properties  that  are  forbidden 
in  bulk  silicon  become  allowed.  However,  the  inherent 
lattice  mismatch  (4.2  %)  between  Si  and  Ge  makes  it 
difficult  to  grow  epitaxial  Sii_rGey  layer  thicker  than 
a  ‘so-called’  critical  thickness  without  possessing  strain¬ 
reliving  dislocations.  To  circumvent  this  problem,  doping 
of  small  amount  of  carbon  into  Sii_xGey  alloy  was  sug¬ 
gested  since  carbon  can  compensate  the  existing  strain 
between  Si  and  Ge.  It  is  thus  possible  to  grow  much 
thicker  epitaxial  layer  beyond  the  critical  thickness.  In 
addtion,  the  growth  of  strained  Sii_yCy  alloy  on  Si  allows 
the  realization  of  tensile  strained  layers  which  can  be  used 
for  confining  electrons  in  the  Si  channel.  In  order  to  have 
an  electron  channel  in  SiGe  material  system  it  is  needed 
to  grow  tensile  strained  Si  layer  on  thick  SiGe  layer  with 
graded  Ge  composition  (typically  about  1  jzm).  How¬ 
ever,  Sii_yCy/Si  heterostructure  can  effectively  confine 
electrons  without  such  a  thick  layer  as  in  SiGe  system,  so 
that  it  is  a  very  useful  structure  for  device  applications. 

This  study  is  to  investigate  in-plane  electron  transport 
in  strained  Sii_yCy  layer  using  a  Monte  Carlo  simula- 
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tion  technique.  Recently  published  papers  show  differ¬ 
ent  experimental  results  on  the  Hall  electron  mobility 
in  epitaxial  Sii_yCy  alloy  layer  [1,2,4].  The  higher  Hall 
electron  mobility  in  the  alloy  layer  than  that  of  bulk  Si 
were  reported  by  Eberl  et  al.  while  Osten  et  al.  report¬ 
ed  opposite  results.  Although  Ershov  et  al,  reported  an 
electron  mobility  enhancement  in  this  system,  it  is  not 
sufficient  to  fully  support  the  recent  experimetal  results 
[5], 

H.  MONTE  CARLO  SIMULATION 

To  investigate  the  electron  transport  in  Sii_yCy  alloy 


E 


Fig.  1.  Energy  splitting  of  degenerate  A6  valleys  into  A  2 
and  A4  valleys  due  to  the  tensile  strain  in  Sii_yCy  layer  grown 
on  a  Si(100)  substrate.  6  indicates  the  valley  separation. 


-S567- 


-S568- 


Fig.  2.  Constant  energy  surfaces  along  the  k- axes  in  tensile 
strained  Sii-^Cy  layer  grown  on  a  Si(lOO)  substrate.  Effective 
masses  in  each  valley  along  the  [100]  direction  are  given. 

we  used  a  Monte  Carlo  simulation  method  [6,7].  Fig.  1 
shows  the  splitting  of  the  sixfold  degeneracy  of  the  con¬ 
duction  band  into  the  lowered  twofold  A2  and  raised  four¬ 
fold  A4  valleys.  The  energy  splitting  between  A2  and  A4 
valleys  due  to  the  tensile  strain  is  approximately  given  by 
S=6y  eV  where  y  indicates  the  doped  carbon  concentra¬ 
tion  [5].  The  effective  mass  for  bulk  Si  conduction  band 
valley  is  0.98  mo  in  the  direction  of  the  major  axis  of 
an  ellipsoid,  whereas  that  along  the  minor  axis  is  0.19 
m0.  Fig.  2  shows  the  constant  energy  surfaces  of  the 
two  and  fourfold  valleys,  the  growth  direction,  and  the 
applied  electric  field.  The  twofold  valleys  have  an  effec¬ 
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Table  1.  Parameters  used  in  the  simulation . 


Parameters 

Value 

Units 

Effective  mass  (m*)  along 

electric  field  wia4 

0.42 

mo 

mA2 

0.19 

mo 

Dielectric  constant 

11.7 

Nonpar abolicity  (a) 

0.5 

eV"1 

Sound  velocity  (/x) 

9.04 

105  cm/s 

Density  ( p ) 

2.33 

g/cm3 

Acoustic  deformational 

9.5 

eV 

potential 

Nonpolar  optical  deformation 

4.51 

eV/cm 

potential 

/-phonon  (ft,  f 2,  fS) 

0.019,  0.041,  0.059 

eV 

3-phonon  (gl,  g2,  g3) 

0.012,  0.019,  0.062 

eV 

Valley  separation 

6y 

eV 

Doping  concentration  (n) 

1017 

cm-3 

Number  of  real  collisions 

5,000,000 

tive  mass  of  0.19  mo  and  the  fourfold  valleys  an  effective 
mass  of  0.42  mo  along  the  electric  field,  respectively.  We 
notice  that  the  effective  mass  of  A4  valleys  is  larger  than 
that  of  average  effective  mass  of  bulk  Si  of  0-.33  m0  a- 
long  the  electric  field.  Scattering  mechanisms  considered 
in  the  Monte  Carlo  study  are  intravalley  acoustic  and 
optical  phonon  scattering,  intervalley  f2,  fS )  and  g- 
phonon  gl,  g2,  g3)  scattering,  and  alloy  scattering,  and 
ionized  impurity  scattering.  The  representative  f-  and 
^-scattering  are  also  shown  in  the  figure.  The  band  non- 
parabolicity  is  also  included.  Experimental  studies  show 
that  the  growth  window  of  carbon-containing  epitaxial 
layers  is  narrow  and  thus  carbon  concentration  of  less 
than  1  %  is  taken  into  account  in  this  study.  To  have 


Fig.  3.  Drift  electron  velocity  with  various  carbon  concentration  simulated  at  (a)  77  K  and  (b)  300  K. 
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relatively  accurate  simulation  results,  we  allowed  5xl06 
times  of  real  scattering  collisions  for  each  electric  field 
during  the  simulations.  All  of  the  simulation  parameters 
used  are  summarized  in  Table  1. 

III.  RESULTS  AND  DISCUSSION 

Fig.  3  shows  the  drift  velocity  with  increasing  electric 
field  as  a  function  of  carbon  concentration  simulated  at 
(a)  77  K  and  (b)  300  K.  We  used  the  value  of  t/0=0.55 
eV  for  the  alloy  potential  which  corresponds  to  the  con¬ 
duction  band  offset  for  the  Si//3-SiC  system  [5].  The 
relatively  rapid  increase  of  drift  velocity  is  observed  for 
low  fields  at  77  K  while  the  relatively  slow  increase  at 
300  K.  As  the  carbon  doping  increases,  the  velocity-field 
characteristic  shows  a  minor  increase  of  the  drift  velocity 
over  the  intermediate  field  range  from  1  to  10  kV/cm. 

The  drift  electron  mobility  with  temperature  is  shown 
in  Fig.  4.  As  the  carbon  increases,  the  mobility  increases. 
However,  the  increasing  rate  of  the  mobility  is  different 
depending  on  measurement  temperatures.  It  increases 
rapidly  with  increasing  carbon  fraction  y  up  to  about 
0.6  %  and  then  keeps  almost  constant  with  further  in¬ 
crease  of  carbon  concentration  for  lower  temperatures 
less  than  about  100  K.  However,  it  increases  gradually 
for  higher  temperature  regime  greater  than  about  200 
K.  Since  most  electrons  stay  in  lower  valleys  which  have 
lower  effective  mass  of  0.19  mo  smaller  than  the  value 
of  0.33  m0  of  bulk  Si,  the  mobility  is  increased  as  we 
add  carbon.  That  is,  electron  repopulation  induces  the 
mobility  increase  in  this  temperature  regime.  For  higher 


Fig.  4.  Electron  mobility  as  functions  of  carbon  concentra¬ 
tion  and  temperature. 

temperature  regime  the  mobility  increases  monotonically. 
Although  the  valley  separation  leads  to  the  reduced  in¬ 
tervalley  scattering  and  thus  increases  the  mobility,  the 
higher  fourfold  valleys  which  have  larger  average  effec¬ 
tive  mass  of  0.42  mo  get  more  electrons  as  temperature 
increases.  This  suppresses  the  rapid  mobility  increase  in 
the  higher  temperature  regime.  Electron-phonon  inter- 


Fig.  5.  Electron  mobility  as  functions  of  alloy  potential  and  carbon  concentration  simulated  at  (a)  77  K  and  (b)  300  K. 
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action  at  high  temperatures  also  contributes  to  the  slow 
mobility  enhancement.  The  mobility  simulation  results 
with  y=0.002  carbon  shows  fluctuations  between  100  K 
and  180  K  although  the  entire  trend  of  the  curve  is  not  d- 
ifferent  from  other  reported  results.  But  the  fluctuation 
decreases  as  carbon  doping  increases.  It  is  believed  to 
be  from  the  small  valley  separation  for  ?/=0.002  carbon 
sample.  As  mensioned  in  the  introduction,  two  previous 
experimental  results  showed  different  values  of  Hall  mo¬ 
bility  over  the  temperature  range  from  30  to  300  K.  The 
characteristic  of  drift  mobility  versus  temperature  in  this 
study  is  in  a  good  agreement  with  Eberl  et  a/.’s  experi¬ 
mental  results.  Defect- free  crystal  growth  may  be  critical 
to  achieve  such  a  high  electron  mobility  in  Sii_yCy  alloy 
layers  [8]. 

Alloy  potential  is  not  a  priori  known.  The  effect  of 
alloy  potential  was  thus  studied  with  different  values  of 
alloy  potential  as  shown  in  Fig.  5(a)  and  (b).  As  we  men¬ 
tioned  in  the  above,  the  mobility  increases  very  sharply 
with  the  carbon  fraction  up  to  0.6  %,  but  it  stops  to 
increase  and  saturates  beyond  0.6  %  carbon  fraction  re¬ 
gardless  of  the  magnitude  of  alloy  potential.  We  cannot 
observe  any  maximum  peak  in  the  characteristic  between 
the  electron  mobility  and  the  carbon  fraction  for  smaller 
values  of  Uq  as  Ershov  et  al.  reported  [5]. 


IV.  CONCLUSIONS 

Westudied  electron  transport  in  strained  Sii_yCy  alloy 
layers  grown  on  Si(100)  substrates  using  the  Monte  Carlo 
simulation.  The  increased  electron  mobility  compared  to 
that  of  bulk  Si  over  the  wide  range  of  temperatures  from 
40  K  to  300  K  is  mainly  attributed  to  the  valley  split¬ 
ting  induced  by  the  tensile  strain  in  the  Sii_yCy  layer. 
The  valley  separation  leads  to  electron  repopulation,  re¬ 
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duced  effective  mass  in  the  lower  valleys,  and  reduced 
intervalley  scattering,  so  that  the  overall  mobility  is  in¬ 
creased.  For  lower  temperatures  less  than  100  K  the  mo¬ 
bility  increases  rapidly  with  increasing  carbon  fraction, 
but  it  stops  to  increase  beyond  0.6  %  carbon  concentra¬ 
tion.  On  the  other  hand,  we  observe  a  monotonic  mobil¬ 
ity  increase  with  increasing  y  for  a  higher  temperature 
regime.  We  noticed  that  defect-free  crystal  growth  is  es¬ 
sential  to  achieve  high  electron  mobility  in  the  Sii_yCy 
alloy  layer. 
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We  have  investigated  impact  ionization  characteristics  as  a  function  of  temperature  and  substrate 
impurity  concentration,  NSub,  in  0.1  pm  n-MOSFETs,  by  using  the  full-band  Monte  Carlo  device 
simulator  that  solves  the  Poisson  equation  and  the  Boltzmann  transport  equation  self-consistently. 
We  focused  on  some  interesting  features  of  impact  ionization  in  short  channel  device  structures, 
which  are  not  obvious  from  the  arguments  based  on  the  conjectures  from  bulk  properties.  Suppressed 
hot  carrier  effects  at  low  temperature  mainly  due  to  both  quasi-ballistic  transport  and  temperature 
dependent  band  gap  were  confirmed  in  0.1  pm  n-MOSFETs.  Our  simulation  results  also  indicate 
that  impact  ionization  rate  decreases  with  rising  substrate  impurity  concentration  in  0.1  pm  n- 
MOSFETs,  which  is  consistent  with  the  experimental  findings  but  is  just  opposite  to  the  trends  in 
long  channel  devices.  We  believe  that  this  is  mainly  because  the  very  short  pinch-off  region  due  to 
shallow  junctions  (~50  nm)  results  in  marked  nonlocal  heating  effects  despite  the  small  applied  Vds 
and  thus,  the  narrower  field  peak  with  rising  Nsub  makes  its  capability  of  producing  hot  carriers 
decreased. 


L  INTRODUCTION 

The  rapid  progress  of  VLSIs  has  been  driven  by  the 
push  towards  miniaturization  of  their  component  such 
as  a  MOSFET  to  increase  the  storage  capacity  with  low 
power  consumption.  As  device  sizes  become  smaller,  the 
complexity  of  VLSI  process  and  device  structure  contin¬ 
ues  to  grow  and  a  huge  increase  comes  in  facilities  and 
manufacturing  costs.  Therefore,  a  device  simulator  can 
play  a  very  important  role  to  accomplish  precise  device 
design  of  VLSIs  under  the  strong  requirement  on  the  re¬ 
duction  of  budget  and  time.  However,  carriers  in  such  a 
small-sized  device  where  the  device  dimension  approach¬ 
es  the  distance  between  scattering  events  in  the  semicon¬ 
ductor  crystal  are  less  affected  by  collisions  during  the 
transit;  thus,  non-equilibrium  transport  effects  become 
appreciable.  In  this  circumstance,  the  device  simulator 
based  on  the  drift- diffusion  (DD)  model  [1]  which  does 
not  include  non-equilibrium  transport  [2]  starts  to  lose  its 
validity.  More  rigorous  physical  models  are  needed  to  fa¬ 
cilitate  the  modeling  of  associated  microscopic  transport 
mechanisms  and  there  is  a  growing  demand  for  a  device 
simulator  by  which  a  non-equilibrium  carrier  transport 
in  a  small-sized  device  can  be  handled. 

To  simulate  non-equilibrium  carrier  motion  in  a  semi¬ 
conductor  device,  both  deterministic  numerical  methods 
and  stochastic  Monte  Carlo  particle  methods  incorporat¬ 
ing  a  more  complete  solution  to  the  Boltzmann  transport 
equation  (BTE)  have  been  demonstrated  [3].  One  exam¬ 
ple  of  the  former  approach  is  the  hydrodynamic  (HD) 
model.  In  sub-micron  semiconductor  devices  which  are 


characterized  by  relatively  large  electric  fields  as  well  as 
relatively  sharp  spatial  variations  of  the  electric  fields  and 
carrier  concentrations,  the  carriers  can  be  easily  heated 
by  applied  electric  fields.  This  carrier  heating  results  in 
a  carrier  energy  distribution  that  deviates  significantly 
from  its  equilibrium  shape,  which  violates  a  basic  as¬ 
sumption  in  the  DD  model.  The  HD  model  qualita¬ 
tively  extends  beyond  the  DD  model  by  allowing  carrier 
mobilities  to  be  functions  of  the  average  carrier  energy 
rather  than  the  local  electric  field,  and  allowing  the  car¬ 
rier  temperature  to  be  different  from  the  lattice  tempera¬ 
ture.  While  both  the  DD  and  the  HD  models  provide  the 
low-order  approximate  solutions  to  the  BTE,  the  Monte 
Carlo  method  provides  the  most  efficiently  implemented 
and  physically  adaptive  technique  currently  available  to 
determine  exact  numerical  solutions  to  the  electron  mo¬ 
tion  in  semiconductor  devices.  In  small  devices  where 
the  distances  between  scattering  events  are  comparable 
to  device  dimension,  only  an  exact  solution  of  the  BTE 
will  suffice  because  of  the  extreme  non-equilibrium  trans¬ 
port.  Thus,  as  the  miniaturization  of  semiconductor  de¬ 
vices  continues,  the  DD  and  the  HD  models  must  break 
down  for  they  are  only  a  truncated  version  of  a  full  solu¬ 
tion  of  the  BTE. 

Recently,  short  channel  MOSFETs  down  to  the  0.1 
fxm  region  have  been  the  focus  of  intensive  research.  As 
device  size  shrinks,  the  drain  voltage  is  reduced  as  well. 
However,  the  supply  voltage  is  not  reduced  as  aggressive¬ 
ly  as  the  gate  length  and  thus,  hot  carrier  effects  could 
still  exist  in  0.1  /xm  devices  and  even  more  violent  than  in 
sub-micron  devices.  Thus,  correct  knowledge  of  impact 
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ionization  is  essential  for  precise  analyses  and  predictions 
of  device  characteristics  such  as  reliability  and  degrada¬ 
tion  of  short  channel  semiconductor  devices.  In  spite  of 
its  importance,  large  discrepancy  in  the  energy  depen¬ 
dence  of  the  impact  ionization  rate  even  in  Si  has  been 
existed  in  the  past  [4] ,  mainly  because  meaningful  studies 
of  impact  ionization  become  possible  only  if  the  correct 
ionization  rate  is  coupled  with  the  correct  transport  anal¬ 
yses  [5,6].  When  the  ionization  rate  modeled  empirically 
via,  say,  the  Keldysh  formula  is  incorporated  in  the  BTE, 
the  realistic  band  structure  of  semiconductor  needs  to  be 
taken  into  account  in  both  the  ionization  rate  and  the 
BTE.  Thus,  only  the  full-band  Monte  Carlo  method  cur¬ 
rently  provides  the  way  to  solve  this  subtle  problem  with 
a  satisfactory  accuracy.  In  this  work,  we  employed  the 
full-band  Monte  Carlo  device  simulator  DAMOCLES  [7] 
that  has  been  developed  in  IBM  and  solves  the  Poisson 
equation  and  the  BTE  self- consistently,  to  study  the  im¬ 
pact  ionization  in  n-channel  Si-MOSFETs  designed  for 
0.1  fim  operation. 

We  focused  on  some  interesting  features  of  impact  ion¬ 
ization  in  short  channel  device  structures,  which  are  not 
obvious  from  the  arguments  based  on  the  conjectures 
from  bulk  properties.  Recent  MC  simulations  [8]  have  re¬ 
vealed  that  the  experimental  findings  on  suppressed  hot 
carrier  effects  at  low  temperature  in  sub  0.1  /im  MOS- 
FETs  are  mainly  due  to  both  quasi-ballistic  transport 
and  temperature  dependent  band  gap.  Experimental 
studies  [9]  have  been  performed  to  examine  the  influences 
of  substrate  doping  on  hot  carrier  characteristics  of  small 
geometry  n-MOSFETs  and  the  results  indicate  that  the 
dependence  of  impact  ionization  rate  on  substrate  impu¬ 
rity  concentration  is  reversed  in  long  channel  and  short 
channel  devices.  In  this  study,  we  have  performed  MC 
simulations  to  investigate  hot  carrier  effects  associated 
with  impact  ionization  in  typical  n-MOSFETs  with  gate 
length  of  0.1  jim  as  a  function  of  temperature  and  sub¬ 
strate  impurity  concentration,  Nsub ,  respectively.  Our  re¬ 
sults  reproduced  the  anomalous  temperature  dependence 
at  low  drain  bias  and  the  experimental  trend  of  the  Nsub 
dependence  on  hot  carrier  effects  in  0.1  /im  n-MOSFETs. 
In  our  MC  simulations,  an  ensemble  of  8,000  10,000 

particles  is  used  with  a  time  step  of  10“16  sec.  The  statis¬ 
tical  enhancement  procedures  [6]  were  employed  in  both 
energy  and  real  space  to  improve  computational  efficien¬ 
cy  so  that  electrons  with  energy  much  greater  than  the 
ionization  threshold  energy  could  be  handled  in  0.1  /im 
n-MOSFETs.  However,  the  short  range  carrier-carrier 
scattering  has  not  been  considered  due  to  its  intensive 
computation  time,  which  would  not  change  the  resultant 
qualitative  features  [10].  The  important  device  parang 
eters  of  the  n-MOSFET  studied  in  this  work  are  listed 
in  Table  1.  In  the  next  two  sections,  simulation  results 
on  anomalous  temperature  and  substrate  impurity  con¬ 
centration  dependence  of  impact  ionization  are  presented 
and  discussed.  Finally,  concluding  remarks  are  given  in 
Section  IV. 


Table  1.  Important  device  parameters  of  a  0.1  pm 
n-MOSFET.  _ 

lg  :  gate  length  100  nm 

xj  :  junction  depth  50  nm 

t0x‘  gate  oxide  thickness  4  nm 

Nsub  :  substrate  impurity  concentration  5  xlO17  cm”3 


II.  TEMPERATURE  DEPENDENCE  OF 
IMPACT  IONIZATION 

The  low  temperature  operation  of  deep  sub-micron  de¬ 
vices  is  very  attractive  owing  to  the  capability  of  improv¬ 
ing  the  device  performance  and  suppressing  the  short 
channel  effect.  But  it  has  been  said  that  one  of  the  major 
obstacles  to  operate  MOSFETs  at  low  (77  K)  tempera¬ 
ture  is  the  enhanced  hot  carrier  effects.  As  temperature 
lowered,  electrons  gain  more  energy  as  a  result  of  the 
reduced  electron-phonon  scatterings  and  thus,  the  high 
energy  tail  of  the  electron  energy  distribution  (EED)  is 
enhanced  [11].  However,  this  temperature  dependency  is 
actually  weak  in  devices  and,  in  some  cases  (f.c.,  under 
low  drain  voltage),  even  reversed  [8].  This  anomalous  be¬ 
havior  implies  that  the  hot  carrier  effect  is  less  significant 
in  deep  sub-micron  devices  operated  at  low  temperature. 
Therefore,  it  is  very  important  to  evaluate  the  impact 
ionization  phenomena  at  low  temperature  in  very  short 
channel  devices.  In  order  to  investigate  this  hot  carrier 
dependence  on  temperature,  we  have  performed  full-band 
Monte  Carlo  device  simulations  and  have  clearly  repro¬ 
duced  the  experimental  trends. 

Figure  1  shows  the  calculated  electron  impact  ion¬ 
ization  generation  rates  along  the  interface  of  the  0.1 
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Fig.  1.  Calculated  electron  impact  ionization  generation 
rates  along  the  interface  of  the  0.1  fim.  n-MOSFET  under  the 
three  different  drain  voltages,  Vd=2.0  V,  1.5  V  and  1.25  V  and 
at  T=77  K  and  300  K.  The  gate  voltage  is  fixed  at  Vg  =  Vth 
-h  0.5  V.  At  low  temperature,  the  band-gap  widening  effect 
was  taken  into  account  (see  Fig.  4). 
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fi m  n-MOSFET  under  the  three  different  drain  voltages, 
Vd  —  2.0  V,  1.5  V  and  1.25  V  from  the  top  in  the  figure  for 
two  different  temperatures,  T  —  77  K  and  300  K,  respec¬ 
tively.  The  gate  voltage  is  fixed  at  Vg  =  Vth  +  0.5  V.  At 
large  bias,  the  impact  ionization  generation  rate  increas¬ 
es  with  reduced  temperature.  However,  as  the  bias  ap¬ 
proaches  the  ionization  threshold  (Eth),  *e.,  at  Vd  —  1-25 
V,  the  room  temperature  ionization  rate  becomes  higher 
than  the  low  temperature  ionization  rate.  Thus,  the  so 
called  cross-over  [12]  occurs  in  the  0.1  /im  n-MOSFET. 
Note  also  that  under  low  bias  at  low  temperature  the 
ionization  rate  keeps  its  high  value  even  deep  inside  the 
drain  and  thus,  the  degradation  due  to  impact  ionization 
affects  almost  the  whole  drain  region  under  this  condi¬ 
tion.  The  corresponding  electric  fields  and  electron  ener¬ 
gies  as  a  function  of  distance  along  the  channel  are  shown 
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Fig.  2.  (a)  Electric  field  and  (b)  electron  energy  along  the 
interface  under  the  three  different  drain  voltages,  Vd= 2.0  V, 
1.5  V  and  1.25  V.  In  (a)  solid  curves  represent  the  electric  field 
at  T=300  K  and  dotted  curves  represent  the  electric  field  at 
T=77  K,  respectively.  The  electric  field  strength  near  the 
drain  is  slightly  relaxed  at  the  low  temperature,  compared 
with  the  case  at  room  temperature.  In  (b)  curves  without 
symbols  indicate  electron  energy  at  T=300  K  and  curves  with 
symbols  indicate  electron  energy  at  T=77  K,  respectively. 
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Fig.  3.  Electron  energy  distribution  at  the  channel/drain 
junction  for  the  three  different  drain  voltages  simulated  at 
T=77  K  and  300  K. 

in  Fig.  2.  At  low  temperature,  the  electric  field  strength 
near  the  drain  is  only  slightly  relaxed  compared  with  the 
case  at  room  temperature.  Even  though  the  electric  field 
profile  is  almost  independent  of  temperature,  the  average 
energy  is  higher  at  low  temperature  due  to  the  reduced 
electron-phonon  scattering  rate. 

Figure  3  shows  the  EED  integrated  over  the  chan¬ 
nel/drain  junction  for  the  three  different  drain  voltages 
simulated  at  T  =  77  K  and  300  K.  We  see  that  the  EED 
is  almost  independent  of  temperature,  with  a  marginally 
higher  high-energy  tail  at  low  temperature.  In  the  0.1 
^m  MOSFET,  the  pinch-off  region  gets  very  narrow  due 
to  shallow  junctions  (~  50  nm)  [13]  and  thus,  the  field 
in  this  region  becomes  markedly  high  despite  the  small 
applied  Vds  ■  High-fields  in  the  pinch-off  region  support 
nearly  ballistic  transport.  Then,  the  increase  of  phonon 
scattering  with  increased  temperature  has  little  effect  on 
the  nearly  ballistic  distribution  in  the  high-field  region. 
Under  this  quasi-ballistic  transport,  the  number  of  elec¬ 
trons  in  the  energy  range,  Eth  <  E  <  qVds,  becomes 
less  dependent  on  electron  energy  or  temperature  in  the 
0.1  /im  n-MOSFET,  which  results  in  nearly  flat  and  al¬ 
most  temperature  independent  middle  energy  range  up 
to  qVds  in  the  EED.  However,  in  bulk,  where  the  high 
electric  fields  extends  for  long  distances  and  equilibrium 
transports  prevail,  the  distribution  is  determined  only 
by  the  field  and  the  phonon  scattering  rate.  Therefore, 
the  dependence  of  impact  ionization  generation  rate  on 
temperature  is  reversed  in  long  channel  and  short  chan¬ 
nel  devices.  In  Fig.  3  the  marginally  higher  high-energy 
tail  at  low  temperature  compensates  for  the  decrease  in 
the  number  of  electrons  to  have  enough  energy  for  im¬ 
pact  ionization,  due  to  the  slight  band-gap  widening  (so 
about  65  meV  higher  ionization  threshold  as  shown  in 
Fig.  4).  As  the  bias  Vds  is  lowered  towards  the  ioniza¬ 
tion  threshold  where  hot  electrons  decay  exponentially, 
the  slightly  higher  ionization  threshold  at  low  temper- 
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Fig.  4.  Calculated  conduction  band  and  valence  band  along 
the  interface  at  T= 77  K  and  300  K.  The  band-gap  widening 
effect  is  apparent  at  low  temperature. 


ature  greatly  decreases  the  number  of  hot  electrons  for 
impact  ionization  and  reduces  the  ionization  rate  at  Vds 
near  the  ionization  threshold.  The  decrease  of  substrate 
current  at  low  temperature  becomes  more  significant  in 
lower  drain  voltage.  But  at  large  bias,  the  slight  de¬ 
crease  in  hot  electrons  due  to  the  band-gap  widening  is 
negligible  compared  with  the  higher  high-energy  tail  at 
low  temperature.  Therefore,  the  suppression  of  hot  car¬ 
rier  effect  in  0.1  mm  devices  at  low  temperature  could 
be  mainly  ascribed  to  both  the  quasi-ballistic  transport 
characteristics  and  the  band-gap  energy  widening. 

III.  Nsub  DEPENDENCE  OF  IMPACT 
IONIZATION 

In  this  section,  simulation  results  on  the  Nsub  de¬ 
pendence  of  impact  ionization  is  discussed.  Intensive 
research  on  short  channel  MOSFETs  down  to  0.1  /zm 
has  been  based  on  a  scaling  method.  In  this  method, 
gate  oxide  thickness,  t0X}  and  junction  depth,  Xj ,  are 
both  reduced,  while  the  substrate  impurity  concentra¬ 
tion,  Nsub ,  is  increased.  There  are,  of  course,  some  lim¬ 
its  to  these  scaling  parameters.  For  example,  increas¬ 
ing  Nsub  is  limited  because  of  excessive  junction  leakage 
current  caused  by  tunneling.  Moreover,  increasing  Nsub 
increases  threshold  voltage  and  reduces  drivability  char¬ 
acteristics  such  as  transistor  transconductance  and  drain 
current.  Then,  the  gains  achieved  by  device  miniaturiza¬ 
tion  are  lost.  Under  these  circumstances,  it  is  essential  to 
understand  the  influence  of  each  scaling  parameter,  such 
as  tox  or  Nsubj  on  device  characteristics,  and  to  investi¬ 
gate  the  limits  of  the  scaling  method.  Many  studies  on 
the  influence  of  ultra  thin  gate  oxides  on  recent  small  ge¬ 
ometry  MOSFET  characteristics  have  been  done,  but  on¬ 
ly  a  few  investigations  of  the  influence  of  substrate  doping 
on  device  characteristics  of  such  MOSFETs  have  been  re- 
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ported  [9].  Generally,  it  has  been  assumed  that  very  high 
substrate  doping  would  degrade  hot  carrier  reliability  be¬ 
cause  higher  electric  field  at  drain/substrate  junctions  is 
expected  due  to  the  narrower  depletion  width.  However, 
the  experimental  study  on  the  influence  of  high  substrate 
doping  on  hot  carrier  characteristics  has  shown  that  the 
dependence  of  substrate  current  and  impact  ionization 
rate  upon  substrate  impurity  concentration  is  reversed 
in  long  channel  and  short  channel  devices.  In  the  long 
channel  case,  hot  carrier  effects  are  enhanced  with  rising 
substrate  impurity  concentration,  while  they  are  reduced 
in  the  case  of  short  channel  devices,  for  Nsub  values  lower 
than  1  or  2xl018  cm-3.  Thus,  hot  carrier  degradation  in 
short  channel  devices  may  not  be  a  serious  problem  any 
more  as  long  as  the  substrate  impurity  concentration  is 
high,  which  is  the  opposite  of  what  has  been  assumed  so 
far. 

Here,  we  have  performed  full-band  Monte  Carlo  device 
simulations  of  impact  ionization  as  a  function  of  sub¬ 
strate  doping  to  provide  a  microscopic  explanation  for 
this  phenomenon  in  short  channel  MOSFETs.  Figure  5 
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Fig.  5.  (a)  Doping  profile  and  (b)  electron  impact  ion¬ 
ization  generation  rates  along  the  interface  of  the  0.1  /im 
n- MOSFET  for  the  three  different  substrate  doping  levels. 
The  drain  voltage  is  set  at  Vd= 2.0  V  and  the  gate  voltage  is 
fixed  at  V^Vth+0.5  V  (T=300  K). 
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shows  doping  profiles  and  electron  impact  ionization  gen¬ 
eration  rates  along  the  interface  of  0.1  fim  n-MOSFETs 
with  three  different  substrate  doping  levels,  1017,  5x  1017, 
and  1018  cm”3,  respectively,  at  T  =  300  K.  The  drain  and 
gate  voltages  are  set  to  be  Vd  —  2.0  V  and  Vg  =  Vth  +  0.5 
V,  respectively,  as  in  Ref.  9  to  compare  both  results 
directly.  Note  that  the  effective  channel  length  increas¬ 
es  slightly  as  the  substrate  doping  increases,  due  to  the 
reduction  of  junction  depth  as  shown  in  Fig.  5(a).  In 
Fig.  5(b),  simulation  results  show  that  impact  ionization 
generation  rates  decrease  with  increasing  substrate  impu¬ 
rity  concentration,  which  is  consistent  with  experimental 
findings  [9].  Figure  6  shows  the  calculated  electric  field 
and  average  electron  energy  along  the  interface  for  the 
three  different  substrate  doping  levels.  In  the  channel 
region,  the  electric  field  and  average  electron  energy  are 
higher  for  lower  substrate  doping.  On  the  other  hand, 
the  peak  field  and  peak  energy  near  the  substrate/ drain 
junction  are  higher  for  higher  substrate  doping.  How¬ 
ever,  higher  peak  energy  does  not  necessarily  result  in 
higher  impact  ionization  generation  rate  because  impact 


drain  voltage  is  set  at  Vd=2.0  V  and  the  gate  voltage  is  fixed  at 
Vg=Vth+ 0-5  V  (T=300  K).  In  the  high  field  region,  the  peak 
field  and  peak  energy  is  higher  for  higher  substrate  doping. 


ionization  depends  on  individual  electron  energy,  not  on 
average  electron  energy.  In  the  case  here,  the  ionization 
rate  is  higher  for  lower  substrate  doping  with  lower  peak 
energy.  From  Fig.  5(b)  and  Fig.  6(a)  (or  from  Fig.  1  and 
Fig.  2(a)),  we  also  noticed  that  most  of  the  ionization 
events  occur  beyond  the  high-field  region,  just  inside  the 
channel/drain  junction.  It  is  in  this  region  where  the  hot 
channel  electrons  reach  their  maximum  kinetic  energy 
but  the  average  energy  is  well  below  its  peak  value  be¬ 
cause  of  cold  electrons  existing  in  the  drain.  Monte  Carlo 
scaling  analysis  has  shown  that  this  spatial  retardation 
is  independent  of  channel  length  [14];  thus,  the  resultant 
hot  carrier  and  spatial  retardation  effects,  intrinsically 
nonlocal  property,  which  cannot  be  handled  by  any  local 
model  such  as  models  based  on  the  first  few  moments  of 
the  BTE,  will  most  likely  become  very  important  in  0.1 
fun  MOSFETs  or  below. 

Electron  energy  distributions  at  the  channel/drain 
junction  for  the  corresponding  substrate  doping  levels 
are  shown  in  Fig.  7.  The  incoming  hot  electrons  from 
channel  cannot  reach  the  equilibrium  state  with  the  res¬ 
ident  cold  electrons  right  away,  so  the  EED  is  shown  to 
be  quite  far  away  from  the  Boltzmann  distribution.  The 
distribution  function  exhibits  three  distinct  regions.  At 
low  energy  we  see  the  drain  cold  electrons.  The  hot  elec¬ 
trons  from  the  channel  cover  nearly  flat  middle  energy 
range  up  to  q  Vds  after  which  they  decay  with  nearly 
thermal  ( Te  «  TL)  tails.  Figure  7  shows  that  the  number 
of  hot  electrons  decreases  as  substrate  impurity  concen¬ 
tration  increases.  With  rising  substrate  doping,  both  the 
junction  depth  and  the  pinch-off  region  become  narrower 

owing  to  the  relation  of  lpo  —  1.7  x  10 ~2tJ^xJ  >  ^or 
Leff  <  0.5  fim)  [13].  The  very  short  pinch-off  region  re¬ 
sults  in  marked  nonlocal  heating  effects  despite  the  small 
applied  Vds  i*1  short  channel  MOSFETs.  The  narrowness 
of  field  peak  compared  to  the  energy  relaxation  length 
with  rising  Nsub  makes  its  capability  of  producing  hot 
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Fig.  7.  Electron  energy  distribution  at  the  channel/ drain 
junction  for  the  three  substrate  doping  levels.  As  the  sub¬ 
strate  doping  increases,  the  number  of  hot  carriers  decreases. 
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carriers  decreased.  Thus,  the  shape  of  the  energy  curve 
around  the  peak  energy  region  gets  sharper  and  narrow¬ 
er,  even  though  the  value  of  peak  energy  is  higher  for 
higher  substrate  doping.  As  a  consequence,  the  number 
of  hot  electrons  for  impact  ionization  decreases  as  the 
substrate  doping  rises. 

Recently,  Fischetti  et  al.  expressed  their  strong  and 
profound  skepticism  about  the  validity  of  models  that 
treat  hot  electron  transport  with  oversimplified  models 
[15]  which  cannot  handle  hot  electron  effects  mainly  be¬ 
cause  they  are  extremely  small  fluctuations  of  a  large 
system.  Apparently,  the  anomalous  temperature  depen¬ 
dence  and  the  reversed  Nsub  dependence  of  impact  ion¬ 
ization  rate  in  short  channel  devices  cannot  be  revealed 
by  employing  DD  or  HD  models  due  to  their  strong  non¬ 
local  behavior  and  the  quasi-ballistic  transport. 

IV.  CONCLUSIONS 

We  have  investigated  the  influence  of  temperature  and 
high  substrate  impurity  concentration  on  impact  ioniza¬ 
tion  in  0.1  fim  n-MOSFETs,  by  employing  the  full-band 
MC  device  simulator.  In  regard  of  temperature  depen¬ 
dence  of  impact  ionization  rate,  hot  carrier  generation 
falls  at  low  temperature  and  low  drain  bias,  and  hot  car¬ 
rier  effects  are  suppressed  mainly  because  of  the  quasi- 
ballistic  transport  characteristics  and  the  band-gap  ener¬ 
gy  widening  at  low  temperature.  Thus,  the  low  tempera¬ 
ture  operation  of  deep  sub-micron  devices  is  very  attrac¬ 
tive  owing  to  the  reduced  hot  carrier  effects  as  well  as 
the  capability  of  improving  the  device  performance  and 
suppressing  the  short  channel  effect. 

The  dependence  of  impact  ionization  rate  on  substrate 
impurity  concentration  in  short  channel  devices  is  the  re¬ 
verse  of  that  in  long  channel  devices  for  Nsub  values  in 
the  range  of  1017  -  1018.  In  this  concentration  range,  the 
impact  ionization  rates  of  short  channel  devices  decrease 
with  rising  substrate  impurity  concentration,  which  sug¬ 
gests  that  hot  carrier  degradation  in  short  channel  de¬ 
vices  may  not  be  a  serious  problem  any  more  as  long  as 
the  substrate  impurity  concentration  is  high.  We  believe 
the  cause  of  the  decreased  impact  ionization  rate  with 
rising  Nsub  in  short  channel  devices  is  the  reduction  in 
the  number  of  hot  electrons  due  to  the  marked  nonlocal 
carrier  heating  in  the  very  narrow  pinch-off  region  of  high 
field,  which  are  just  opposite  to  the  trend  in  long  channel 
devices. 

We  also  emphasized  that  the  full-band  Monte  Carlo 
method  currently  provides  the  only  way  to  solve  this 
hot  carrier  problem,  including  the  anomalous  tempera¬ 
ture  dependence  and  the  reversed  Nsub  dependence  of 
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impact  ionization  rate  in  short  channel  devices,  with  a 
satisfactory  accuracy. 
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Frequency  Chirping  Characteristics  of  All  Optical  Wavelength 
Converter  based  on  Cross-Gain  and  Cross-phase  Modulation 
in  Semiconductor  Optical  Amplifiers 


Hanlim  Lee,  Yonggyoo  Kim  and  Jichai  Jeong* 

Department  of  Radio  Engineering,  Korea  University,  Seoul  136-701 

We  develop  a  complete  large-signal  dynamic  model  of  semiconductor  optical  amplifier  (SOA)- 
based  wavelength  converters  using  cross-gain  modulation  (XGM)  and  cross-phase  modulation 
(XPM).  The  large-signal  dynamic  model  has  been  implemented  using  the  modified  transfer  matrix 
method  (TMM).  This  model  takes  account  of  longitudinal  variations  of  carrier-induced  refractive 
index,  cr-parameter,  internal  reflection,  photon  density,  and  amplified  spontaneous  emission  (ASE) 
noise  at  each  small  section.  Therefore,  we  can  accurately  estimate  frequency  chirping,  optical  pulse 
patterns,  and  extinction  ratio  of  the  wavelength-converted  signal  in  SOAs.  Frequency  chirping  and 
extinction  ratio  have  been  calculated  for  various  parameters  such  as  signal  and  CW  power,  and  facet 
reflectivity. 


I.  INTRODUCTION 

For  all  optical  networks  using  wavelength  division  mul¬ 
tiplexing  (WDM),  it  is  necessary  to  use  wavelength  con¬ 
verters  for  frequency  reuse  and  wavelength/spatial  rout¬ 
ing.  Among  several  promising  techniques  to  implement 
all  optical  wavelength  converters  [1-4],  XGM  and  XPM 
methods  feature  high  conversion  efficiency  as  well  as  in¬ 
sensitivity  to  polarization  of  input  signals. 

Although  a  lot  of  theoretical  studies  on  wavelength 
converters  have  been  carried  out,  only  a  few  attempts 
have  been  made  to  consider  longitudinal  variations  in 
carrier  and  photon  densities  in  SOAs  using  multi-section 
rate  equations  [4-6].  They  discussed  crosstalk  and  inter¬ 
modulation  distortion  [5],  dynamics  of  wavelength  con¬ 
version  [4],  and  pulse  shapes  and  chirping  in  MQW 
SOAs  [6].  For  accurate  estimation  of  chirping  in  the 
wavelength-converted  signal,  we  should  include  the  pa¬ 
rameters;  facet  power  reflectivity,  carrier-induced  a- 
parameter  change,  extinction  ratio,  and  ASE  noise. 

In  this  paper,  a  large-signal  analysis  for  SOAs  was  per¬ 
formed  using  a  time  developed  transfer  matrix  method 
(TMM)  to  calculate  converted  optical  pulse  waveforms 
and  chirping  in  SOAs  by  self- consistently  solving  the 
pulse  propagation  equation  and  rate  equation.  It  may 
help  understand  and  design  SOAs  considering  frequency 
chirping,  extinction  ratio,  required  facet  reflectivity,  and 
ASE  noise. 

This  paper  is  organized  as  follows.  In  Section  II,  the 
modified  TMM  based  large-signal  dynamic  SOA  mod¬ 
el  is  described  in  detail.  We  include  facet  reflection  and 
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variation  of  the  a-parameter  along  the  cavity  to  calculate 
chirping  accurately.  In  Section  III,  simulation  results  and 
discussions  of  the  XGM  and  XPM  method  are  present¬ 
ed.  Frequency  chirping  and  extinction  ratio  depending 
on  the  facet  reflectivity  and  a-parameter  are  investigat¬ 
ed.  Finally,  conclusions  are  given  in  Section  IV. 


II.  SOA  MODEL  AND  SIMULATION 


The  time  developed  TMM  has  been  proposed  for  the 
purpose  of  characterizing  multi-  electrode  DFB  laser  [7]. 
This  model  can  describe  not  only  forward  field  but  also 
backward  field  which  is  generated  by  facet  reflection  and 
internal  reflection  at  each  small  section.  For  the  time 
dependent  implementation  of  TMM  based  SOA  model, 
we  use  the  modified  transfer  matrix. 


+  At) 
Bi(t  - h  At) 


a2i(t) 

a22(t) 


Mt)  1 

1 

«*22(*)  . 

(i) 


where  A  and  B  are  normalized  slowly  varying  envelopes 
of  forward  and  backward  fields  such  that  \A\2  and  \B\ 2 
represent  the  optical  power  and  a,j  is  the  element  of  con¬ 
ventional  transfer  matrix  at  i-column  and  j- row.  Fig.  1 
shows  the  schematic  diagram  of  the  modified  TMM-based 
dynamic  SOA  model.  Assuming  that  various  parameters 
remain  unchanged  through  the  each  section  for  At,  we 
can  calculate  output  amplitudes  Aw  }t+i  and  Bw  i  at  a 
time  t  H-  At  from  input  amplitudes  AW)i  and  BWti+i  at  a 
time  t  by  Eq.  (1). 

In  order  to  apply  this  method  to  SOAs,  we  have  mod¬ 
ified  the  propagation  part  of  transfer  matrix  using  the 
pulse  propagation  [8,9]: 
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Fig.  1.  Schematic  diagram  of  the  modified  TMM-based  dynamic  SOA  model, 
but  also  XPM  method. 


This  model  can  explain  not  only  the  XGM 


dAw(z,t)  1  dAw(z,t) 

dz  vg  dt 


=  ~^ar9mwAw(z,t)  (2) 

•  +  +A£«/(2r)0 


where  index  w  refers  to  different  optical  input  signals, 
and  a  is  the  chirp  parameter  which  accounts  for  carrier- 
induced  index  changes.  vg  is  the  group  velocity,  T  is 
the  confinement  factor,  gmw  is  the  material  gain,  and  gw 
is  the  net  gain.  The  spontaneous  emission  noise  is  rep¬ 
resented  by  two  statistically  independent  Gaussian  dis¬ 
tributed  random  process  fiw(z ,  i)  [9]  that  satisfies  the 
correlation 


<^{2,  t)pw(z* ,  tf)  >  =  pTRsp6(t  —  t')6(z  —  z ') 

x(vgEwAcross)  (3) 

where  /?  is  the  spontaneous  coupling  factor,  Rsp  is  the 
spontaneous  emission  ( c2N 2),  6(x)  is  defined  as  the  6 
function,  Ew  is  photon  energy,  and  Across  is  the  cross 
sectional  area  of  the  active  layer. 

For  considering  interaction  between  carrier  density  N 
and  photon  density  5,  we  divide  the  SOA  into  a  number 
of  small  sections,  and  solve  the  rate  equation  in  each 
section  as 


fit  ~  qy  ^*(ci  +  C2N{  +  C3  +  N?) 

~  ^  >  vg^9mW)iSw  j  (4) 

wzz  1,2 

where  index  i  corresponds  to  different  sections,  I  is  the 
injection  current,  V  is  the  active  volume,  q  is  the  electron¬ 
ic  charge,  and  ci,  C2,  and  C3  are  related  to  recombination 
constants.  The  average  photon  density  SW)i  is  calculated 


from  forward  field  Aw%i  and  backward  field  Bw  i.  In  order 
to  model  the  asymmetric  gain  profile,  the  gain  spectrum 
is  assumed  to  be  cubic  and  the  material  gain  is  approxi¬ 
mated  to  [10] 

9mi(Ni ,  Xw  ) 

=  ao(A;  —  TVo)  —  ai(Au,  —  Ap)2  +  a3(Au,  —  Ap)3 

1  +  c(Siti  +  S2ti)  (5) 

where  a0)  ai,  and  03  are  gain  constants,  Xp  is  the  gain 
peak  wavelength,  and  e  is  the  gain  compression  factor. 


Table  1.  Device  parameters  used  in  the  simulation. 


Description 

Symbol 

Value 

Unit 

Confinement  factor 

r 

0.3 

SOA  length 

L 

lOOOxlO-6 

m 

Active  layer  width 

w 

lxlO-6 

m 

Active  layer  width 

d 

0.15xl0-6 

m 

Spontaneous  coupling  factor 

p 

2xl0-3 

Cl 

lx  10s 

s-1 

Recombination  rate 

C2 

2.5xl0-17 

m3/s 

C3 

9.4xl0-41 

m6/s 

do 

2.5xlO~20 

'  2 
m 

Material  gain  constant 

d\ 

0.074  xlO20 

m-3 

0-2 

3.0  xlO-32 

m4 

d3 

3.155X1025 

m~4 

Carrier  density  at  transparency 

No 

l.lxlO24 

m“3 

Wavelength  at  transparency 

Ao 

1.605xl0~6 

m 

Group  velocity 

V9 

7.5X107 

m/s 

Nonlinear  gain  comperssion 

€ 

1.3  xlO-23 

Differential  refractive  index 

dn/dN 

—  1.2xl0~2B 

m3 

loss  in  active  layer 

Ola 

140  xlO2 

Loss  in  claddings 

Ole 

20  xlO2 

Scattering  loss 

Ol  seat 

10xl02 

m_1 
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The  net  gain  is  given  by 

9i  —  r (gmi  —  <*a)  —  (1  “  r)ac  —  ascat  (6) 

The  a-parameter  for  each  small  section  is  taken  into 
consideration  since  the  parameter  is  directly  related  to 
frequency  chirping  due  to  self-phase  modulation  (SPM) 
and  cross-phase  modulation  (XPM)  in  SOAs.  The  a - 
parameter  {a(\,N)  =  (—4ir/X)(dn/dN)/(dg/dN)}  was 
calculated  from  gain  variation  from  Eq.  (5).  We  can  ob¬ 
tain  the  a- parameter  in  the  range  of  2  to  12.  These  agree 
well  with  other  experimental  measurement  [11]. 

The  input  signal  is  modulated  at  2.5  Gb/s  NRZ  pattern 
using  super  Gaussian  pulse  with  m— 3.  Typical  buried- 
heterostructure  (BH)  SOA  operating  in  the  1.55  /zm  is 
considered  for  our  simulation  and  the  device  parameters 
are  summarized  in  Table  1. 

III.  SIMULATION  RESULTS  AND 
DISCUSSIONS 

1.  XGM  Method 

An  input  signal  at  A 5  (1550  nm)  modulates  the  gain 
in  SOAs  due  to  the  gain  saturation.  A  continuous  wave 
(CW)  signal  at  ACw  (1535  nm)  is  modulated  by  the  gain 
variation,  so  it  contains  the  same  data  information  as 
the  input  signal.  Fig.  2  shows  simulated  output  pulses 
and  their  chirping  for  the  facet  power  reflectivity  of  0  % 
(77= 0  %).  The  wavelength-converted  signal  (CW  signal) 
undergoes  blue  shift  (6.5  GHz)  during  the  rising  edge 
and  red  shift  (-7.4  GHz)  during  the  falling  edge.  Thus 
converted  signal  has  positive  chirping  which  causes  pulse 
broadening  when  converted  signal  is  transmitted  through 
the  standard  fiber  [12].  This  result  is  comparable  to  other 
simulation  one  [6]. 

Fig.  3  shows  peak  chirping  (solid  lines)  and  extin  c- 


Fig.  2.  Pulse  pattern  and  chirping  of  converted  signal  in  the 
XGM  method.  R=  0  %,  Psig=(-15  to  -5  dBm),  Pcw=-15 
dBm,  and  7=160  mA. 


Fig.  3.  Peak  chirping  (solid  lines)  and  extinction  ratio 
(dashed  lines)  of  converted  signal  by  the  XGM  method  as  a 
function  of  the  average  input  signal  power  for  different  facet 
reflectivities  (0  %,  0.01  %  and  0.05  %).  Pcw=-15  dBm,  and 
7=160  mA. 


tion  ratio  (dashed  lines)  of  converted  signal. as  a  function 
of  the  average  input  signal  power  for  different  reflectiv¬ 
ity.  As  the  input  signal  power  increases,  both  the  peak 
chirping  and  extinction  ratio  of  converted  signal  increase 
regardless  of  facet  reflectivity.  For  R= 0.01  %,  chirping 
and  extinction  ratio  are  similar  to  those  for  77= 0  %.  How¬ 
ever,  for  77=0.05  %,  chirping  significantly  changes  while 
the  extinction  ratio  has  similar  characteristics  to  77= 0  %. 
Particularly,  the  reflectivity  of  larger  than  0.05  %  increas¬ 
es  the  frequency  chirping  a  lot.  So,  SOAs  should  have 
the  facet  reflectivity  of  less  than  0.05  %.  In  Fig.  3,  the 
fluctuation  of  chirping  and  extinction  ratio  for  77=0.01 
%  and  0.05  %  is  due  to  the  interference  between  reflect¬ 
ed  waves  and  traveling  waves.  Because  the  difference 
between  “noise-free”  chirping  and  “average”  chirping  ob¬ 
tained  by  multiple  runs  is  negligible,  for  simplicity  we 
calculated  the  peak  chirping  under  condition  of  /?=  0. 

We  performed  further  investigation  on  chirping  and 
extinction  ratio  with  input  signal  and  CW  power  for 
77=0.01  %  and  found  that  peak  chirping  and  extinction 
ratio  were  reduced  with  increasing  the  CW  power  and 
decreasing  the  signal  power.  Therefore,  we  optimized 
chirping  and  extinction  ratio  by  adjusting  between  the 
CW  and  signal  power.  In  Fig.  4,  the  dashed  region  in¬ 
dicates  the  optimum  power  region,  where  the  extinction 
ratio  is  larger  than  10  dB,  the  peak  chirping  is  in  between 
-8  GHz  and  7  GHz. 


2.  XPM  Method 

For  the  XPM  method,  wavelength  conversions  rely  on 
carrier-induced  refractive  index  change  in  the  active  re¬ 
gion  of  SOAs.  An  input  signal  at  A 5  (1565  nm)  that 
depletes  the  carrier  density  modulates  the  refractive  in- 
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Fig.  4.  Contour  plot  of  the  constant  extinction  ratio  with 
signal  powers  and  CW  powers  for  the  XGM  method.  72=0.01 
%,  and  7=160  mA. 


Fig.  5.  Pulse  pattern  and  chirping  of  converted  signal  by 
the  XPM  method.  PSig=(~ 23.5  dBm  to  -16.5  dBm)  and 
7>cw=— 20  dBm:  (a)  in-phase  operation  (7i=97  mA  and 
72=116  mA)  and  (b)  out-of-phase  operation  (7i=125  mA  and 
72=75  mA). 

dex  and  thereby  results  in  the  phase  modulation  of  the 
CW  signal  at  Acw  (1545  nm)  coupled  into  the  converter. 
We  are  to  analyze  the  XPM  wavelength  conversion  us- 
ing  symmetric  Mach-Zehnder  interferometer  type  SOAs 


[13]  with  minor  modification  (Mach-Zehnder  interferom¬ 
eter  with  two  SOAs)  of  the  XGM  method.  The  XPM 
method  has  the  distinct  characteristics  due  to  the  pos¬ 
itive  and  negative  slope  of  SOA’s  characteristics.  Us¬ 
ing  the  positive  slope,  converted  signal  is  not  inverted, 
compared  to  the  input  signal.  Fig.  5(a)  shows  the  op¬ 
tical  pulse  pattern  and  chirping  of  converted  signal  for 
the  in-phase  operation.  Note  that  converted  signal  un¬ 
dergoes  a  red  shift  (-0.73  GHz)  during  the  rising  edge 
and  a  blue  shift  (0.77  GHz)  during  the  falling  edge.  This 
leads  to  the  pulse  compression  due  to  negative  chirping  in 
the  anomalous  dispersion  region.  This  is  an  outstanding 
characteristic  of  the  in-phase  operation.  Fig.  5(b)  shows 
optical  pulse  patterns  and  chirping  of  converted  signal 
for  the  out-of-phase  operation.  In  this  case,  the  chirping 
become  large  and  is  opposite  to  the  in-phase  operation. 
Still,  this  peak  chirping  is  significantly  smaller  than  that 
of  the  XGM  method.  For  both  the  in-phase  and  out-of¬ 
phase  operations,  the  extinction  ratio  is  improved  from 
7  dB  to  10  dB  under  our  simulation  condition. 


IV.  CONCLUSIONS 

We  presented  a  complete  large-signal  dynamic  mod¬ 
el  of  SOA-based  wavelength  converters  using  the  mod¬ 
ified  TMM.  To  accurately  calculate  frequency  chirping, 
which  affects  transmission  performance  of  wavelength- 
converted  signal,  we  included  facet  reflectivity,  extinc¬ 
tion  ratio,  longitudinal  variation  of  the  a-parameter  due 
to  spatial  hole  burning,  and  ASE  noise.  In  the  XGM 
method,  we  determined  the  optimum  power  region  with 
small  chirping  and  large  extinction  ratio  for  72=0.01  % 
and  found  that  the  reflectivity  of  larger  than  0.05  %  in¬ 
creased  the  chirping  a  lot.  In  the  XPM  method,  we  ob¬ 
tained  the  negative  chirping  effect  for  in-phase  opera¬ 
tion  and  found  that  frequency  chirping  was  significantly 
smaller  than  that  in  the  XGM  method.  In  conclusion,  our 
complete  large-signal  dynamic  model  provides  an  accu¬ 
rate  and  powerful  tool  to  analyze  frequency  chirping  and 
extinction  ratio  of  wavelength-converted  signal  in  SOAs. 
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We  report  a  complete  large-signal  dynamic  model  of  wavelength  converter  and  optical  phase 
conjugator  based  on  four-wave  mixing  (FWM)  in  semiconductor  optical  amplifier  (SOA).  In  SOA 
model  using  time  developed  transfer  matrix  method  (TMM),  we  take  into  account  of  not  only 
forward  traveling  waves  but  also  backward  traveling  waves  and  include  longitudinal  variation  of 
carrier-induced  refractive  index,  ^-parameter,  gain,  carrier  density,  photon  density,  reflection,  and 
ASE  noise  at  each  small  section.  Therefore,  we  can  accurately  estimate  optical  pulse  patterns, 
frequency  chirping,  and  extinction  ratio  of  conjugate  signal,  which  affect  transmission  performance. 
In  order  to  investigate  the  effects  of  frequency  chirping  on  transmission  performance,  eye-opening 
penalty  (EOP)  has  been  calculated. 


I.  INTRODUCTION 

Four-wave  mixing  (FWM)  in  semiconductor  optical 
amplifiers  (SOAs)  has  two  applications.  One  is  frequen¬ 
cy  conversion  and  the  other  is  optical  phase  conjugation 
(OPC).  Optical  frequency  converters  are  expected  to  be¬ 
come  key  components  in  future  all  optical  networks  based 
on  wavelength  division  multiplexing  (WDM)  technology 
to  avoid  wavelength  blocking  and  increase  flexibility  and 
capacity  of  WDM-based  networks.  And  OPC  is  a  good 
candidate  to  compensate  for  dispersion  and  Kerr  effects 
in  optical  fibers  [1].  Frequency  conversion  using  FWM 
is  very  attractive  since  it  is  transparent  to  the  data  for¬ 
mat,  includes  multi-frequency  conversion  [2],  and  com¬ 
pensates  for  dispersion  by  phase  conjugation.  However, 
this  technique  suffers  from  the  small  conversion  efficiency 
and  signal  degradation  caused  by  the  amplified  sponta¬ 
neous  emission  (ASE)  in  the  devices.  By  cavity  geometry 
modification  [3]  or  tandem  SOA  configuration  [4],  these 
drawbacks  can  be  overcome. 

Although  many  theoretical  studies  on  FWM  in  SOAs 
have  been  carried  out,  most  of  them  concentrated  on  con¬ 
version  efficiency  and  signal  to  noise  ratio  (SNR)  [3-5]. 
Extinction  ratio  and  frequency  chirping,  however,  are 
very  important  parameters  in  determining  transmission 
performance  of  FWM  signal  through  optical  fiber.  So, 
we  have  thrown  our  effort  into  accurately  calculating  ex¬ 
tinction  ratio  and  frequency  chirping  of  FWM  signal.  In 
this  paper,  we  performed  a  large-signal  dynamic  analysis 
for  SOAs  using  modified  transfer  matrix  method  (TMM) 
to  calculate  optical  waveforms  and  frequency  chirping  of 
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conjugate  signal  in  SOAs  by  self- consistently  solving  the 
pulse  propagation  equations  and  rate  equation  of  carrier 
density.  We  can  accurately  estimate  frequency  chirping 
and  extinction  ratio,  compared  with  analytical  model, 
including  the  parameters:  longitudinal  variation  of  a- 
parameter,  carrier-induced  refractive  index,  gain,  spatial 
hole  burning,  and  ASE  noise.  Facet  reflectance  and  ex¬ 
tinction  ratio  of  input  signal  wave  also  were  included  in 
our  simulations.  Therefore,  it  can  help  in  understanding 
and  designing  FWM  frequency  converter  and  OPC. 

II.  LARGE-SIGNAL  DYNAMIC  SOA 
MODEL  USING  TIME  DEVELOPED  TMM 

The  time  developed  TMM  has  been  proposed  for 
the  purpose  of  characterizing  multielectrode  distributed- 
feedback  (DFB)  laser  [6].  This  model  can  be  consid¬ 
ered  not  only  forward  traveling  waves  but  also  back¬ 
ward  traveling  waves  which  are  generated  by  internal  and 
facet  reflection.  Also,  we  include  longitudinal  variation  of 
carrier-induced  refractive  index,  gain,  spatial  hole  burn- 
ing,  ASE  noise  and  a-parameter  at  each  small  section 
and  spectrally  dependent  gain  and  confinement  factor  at 
each  individual  wave. 

Fig.  1  shows  the  schematic  diagram  of  our  simulation. 
Two  optical  waves,  a  pump  (lop)  and  a  signal  wave  (u;,  = 
wp-Auj)  are  injected  into  the  SOA.  The  beating  of  both 
waves  leads  to  new  frequency  components,  FWM  wave 
(wc  =  up  -b  Au>).  We  can  convert  us  into  ujc. 

In  order  to  develop  a  time-dependent  TMM  in  the 
schematic  diagram  of  our  simulation  in  Fig.  1,  we  use 
the  modified  transfer  matrix  [6]. 
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where  A  and  B  are  normalized  slowly  varying  envelopes 
of  forward  and  backward  fields  such  that  \A\ 2  and  |J3|2 
represent  the  optical  power.  The  input  signal  power  is 
|AS|2  at  the  first  section  and  the  output  signal  power  is 
the  \AC\2  at  the  last  section.  And,  amn(t)  is  the  element 
of  steady-state  transfer  matrix.  Assuming  that  various 
parameters  remain  unchanged  through  the  each  section 
for  A f,  we  can  calculate  output  amplitudes  AW)i+\  and 
BW]i  at  a  time  t  +  At  from  input  amplitudes  Aw>i  and 
BW}i- j-i  at  a  time  t  by  Eq.  (1). 

The  pulse  propagation  equations,  including  FWM, 


ASE  noise,  and  backward  traveling  waves,  can  be  derived 
in  the  follows  [3,7] 

Mp+±^L  =  GpAp(z,t)  +  fip(z,t)  (2) 

OZ  Vg  at 

dAS}C  1  dAatc 

dz  vg  dt 

=  GSiCAS)C(z)  t)  -f  FSiC{A2(z,t)ACiS(z,t) 

+2 Ap(z:  t)Bp(z}  t)BCtS(z ,  t)}  +  f*sAz>  0  (3) 


2^P,5,c  -  ^  X!  (I^|2  +  \Bu)\2)/Psa\ 


F,,e  =  -  hcDp{^ku)/Psat  ~  ^(1  -  i(*CH )(<?*, c^CHl  +  05,c£Cff2)/»Cff  (±Ao 

“(1  -  lOcsHB^s^SHBhsHB^ Aw) 


where  index  p,  s,  and  c  present  pump,  signal,  and  con¬ 
jugate  wave,  Aw  =  up  -  ws  denotes  frequency  detuning 
for  pump  and  signal  wave,  vg  is  group  velocity,  Psat  is 
saturation  power,  €shb  is  spectral  hole  burning  (SHB) 
parameters,  and  tern  and  ccH2  are  carrier  heating  (CH) 
parameters.  We  consider  wavelength  dependent  T,  con¬ 
finement  factor,  which  is  calculated  from  the  effective 
index  method  [8,9].  The  effect  of  spontaneous  emission 
is  represented  by  three  statistically  independent  white- 
Gaussian  distributed  random  process  fiw(z,t)  [10].  The 
autocorrelation  function  for  the  process  is  given  by 

<  jlw  (z,  t (z! ,  t*)  >  —  (VgExu  Across  ){FW  0E  /  Ts  ) 

6(t-t')6{z-z')  (6) 


Fig.  1.  Schematic  diagram  of  the  time-developed  TMM- 
based  large  signal  dynamic  SOA  model. 


where  Ew  is  photon  energy,  Across  is  the  cross  sectional 
area  of  the  active  layer,  f3  is  spontaneous  coupling  factor, 
and  6(x)  is  the  Dirac  distribution  function.  The  frequen¬ 
cy  response  hy(Auj)  (y= carrier  density  pulsation  (CDP), 
CH,  and  SHB)  of  the  individual  nonlinear  processes  are 
given  by, 

hcdp(Au)  =  (1-*Awts)(1-Awt,) 

Hch( Aw)  =  (1  -  z'Awr2)(l  -  Awn) 

Hshb(Au)  =  (1  -  iAuJT2)  (7) 

where  r$,  n,  and  r2  are  parameters  related  to  carrier 
lifetime.  The  propagation  equations  are  coupled  by  the 
conventional  rate  equation  for  the  carrier  density. 

In  order  to  model  asymmetric  gain  profile,  the  gain 
spectrum  is  assumed  to  be  cubic  [11].  The  net  gain  is 
calculated  by  [10] 

9i,w  —  r w{9itw  ”  tta)  ”  (1  “  r'u;)Q:c  —  &scat  (8) 

We  take  consideration  into  the  different  a-parameter  for 
each  small  section  and  each  wavelength.  It  is  very  im¬ 
portant  since  it  is  directly  related  to  frequency  chirp¬ 
ing  due  to  self-phase  modulation  (SPM)  and  cross-phase 
modulation  (XPM)  in  SOAs.  The  a-parameter  {a  = 
(-47r/\)(dn/dN)/(dg/dN)}  is  calculated  from  material 
gain. 

The  computing  algorithm  implementing  the  large  sig¬ 
nal  and  dynamic  SOA  model  is  illustrated  in  Fig.  2.  The 
input  signal  is  modulated  at  2.5  Gb/s  NRZ  pattern  us¬ 
ing  super  Gaussian  pulse  shape  with  m= 3.  Simulation 
and  nonlinear  (FWM)  SOA  parameters  are  summarized 
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Fig.  2.  Flow  chart  of  the  procedure  for  the  time- developed 
TMM-based  large  signal  dynamic  SOA  model. 


in  Table  1.  We  have  simulated  the  saturation  condition 
with  high  pump  power.  It  is  general  condition  of  wave¬ 
length  converter  and  OPC  using  FWM  in  SOAs  in  order 
to  reduce  the  effects  of  ASE  noise  [5]. 


Journal  of  the  Korean  Physical  Society,  Vol.  34,  June  1999 


Table  1.  Device  and  nonlinear  (FWM)  SOA  parameters. 

Symbol  Description _ Value  Uni 

L  SOA  length  500x10"°  m 

w  Active  layer  width  Ixl0~b  m 

d  Active  layer  thickness  0.15 x!0~6  m 

V  Active  layer  volume  0.75xl0~16  m3 


v9 


dn/dN 


Recombination  rate 


Material  gain  constant 
Carrier  density  at  transparency 


Wavelength  at  transparency 
Group  velocity 


Differential  refractive  index 

Loss  in  active  layer _ 

Loss  in  claddings _ 

Scattering  loss 
spontaneous  coupling  factor 
Injection  current 
Saturation  power 

Carrier  heating  parameter _ 

Carrier  heating  parameter  at 
unsaturation  carrier  density 
Spectral  hole  burning  parameter 
Linewidth  enhancement  factor 

by  CH _ 

Linewidth  enhancement  factor 

by  SHB _ 

Carrier  lifetime _ 

Spectral  hole  buring  time 
Carrier  heating  time 


Value 
500xl0“e 
1 xl0“b 
0.15xl0~< 
0.75XKT1 
1x10* 
2.5xl0“r 
9.4xl0“4J 
2.5x10“* 
0.074x10* 
3.0x10“*' 
3.155x10* 
l.lxlO*4 


1.605x10“ 

YJxW 


-1.2x10“*' 

140x10* 

20x10* 

10x10* 

lxl0“6 

100x10“* 

3x10“* 

5.5 

3.8 


160x10" 

500x10" 

112x10" 


III.  SIMULATION  RELATED  WITH 
FREQUENCY  CHIRPING  AND 
EXTINCTION  RATIO  OF  CONJUGATE 
SIGNAL 

Fig.  3(a)  shows  input  signal  pulse  pattern  with  posi¬ 
tive  frequency  chirping  and  Fig.  3(b)  and  (c)  show  out¬ 
put  conjugate  signal  pulse  pattern  and  frequency  chirping 
with  pump  power  of  3  dBm  and  9  dBm).  From  Fig.  3, 
we  found  that  the  spectral  inversion  of  conjugate  signal 
resulted  from  the  phase  conjugation.  Using  this  effect,  It 
is  possible  to  perfectly  compensate  for  signal  distortion 
by  GVD  and  SPM  on  optical  transmission  [1].  Extinction 
ratio  decreases  after  wavelength  conversion  since  low  sig¬ 
nal  power  level  has  higher  conversion  efficiency  than  high 
signal  power  level.  In  addition,  we  can  see  that  ASE  noise 
is  smaller  at  high  pump  power  than  at  low  pump  power 
by  comparing  Fig.  3(b)  with  (c)  since  gain  saturation 
make  ASE  noise  reduce  at  high  pump  power.  Especially 
low  signal  power  level  undergoes  more  frequency  chirping 
by  ASE  noise  than  high  signal  power  level. 

We  performed  further  investigation  on  parasitic  fre¬ 


quency  chirp  and  extinction  ratio  of  conjugate  signal. 
Parasitic  frequency  chirp  occurs  during  wavelength  con¬ 
version  inside  SOAs.  It  is  responsible  for  refractive  index 
modulation  by  carrier  density  variation  in  SOAs.  Para¬ 
sitic  frequency  chirp  can  obstruct  the  perfect  compensa¬ 
tion  for  signal  distortion.  Fig.  4  shows  extinction  ratio 
and  parasitic  peak  chirp  of  output  conjugate  signal  where 
the  extinction  ratio  of  input  signal  is  10  dB.  When  either 
pump  power  or  signal  power  is  fixed,  extinction  ratio  de¬ 
creases  with  decreasing  the  pump  power  to  probe  power 
ratio  (P/Q).  It  results  from  smaller  difference  of  conver¬ 
sion  efficiency  between  low  signal  power  level  and  high 
signal  power  level  at  low  P/Q  ratio.  Parasitic  frequency 
chirp  is  minimized  at  higher  P/Q  ratio.  Frequency  chirp¬ 
ing  is  a  monotonically  increasing  function  of  a-parameter 
and  extinction  ratio.  However,  Frequency  chirping  is 
more  strongly  dependent  on  a-parameter  than  extinc¬ 
tion  ratio.  As  a  result,  signals  undergo  larger  frequency 
chirping  for  high  P/Q  ratio  with  large  a-parameter  and 
low  extinction  ratio  than  for  low  P/Q  ratio  with  small  a- 
parameter  and  high  extinction  ratio.  This  result  agrees 
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Time  [ns] 

Fig.  3.  (a)  Input  optical  pulse  pattern  (solid  line)  and  fre¬ 
quency  chirping  (dotted  line)  (As=1555  nm).  (b)  Output  op¬ 
tical  pulse  pattern  (upper)  and  frequency  chirping  (lower)  for 
the  pump  power  of  3  dBm  (Ac=1545  nm,  #=0.01  %).  (c) 
Output  optical  pulse  pattern  (upper)  and  frequency  chirping 
(lower)  for  pump  power  of  9  dBm  (Ac=1545  nm,  #=0.01  %). 


well  with  other  experiment  results  [2].  Extinction  ra¬ 
tio  and  parasitic  frequency  chirp  can  be  achieved  higher 
than  8  dB  and  lower  than  1  GHz  with  the  pump  pow¬ 
er  of  greater  than  4  dBm,  and  the  signal  power  of  lower 
than  -6.6  dBm.  For  the  high  pump  power,  extinction 
ratio  increases  and  parasitic  frequency  chirp  decreases. 


Fig.  4.  Extinction  ratio  and  parasitic  peak  chirp  as  a  func¬ 
tion  of  pump  power  with  different  average  input  signal  pow¬ 
er  (extinction  ratio  of  input  signal=10  dB,  As=1555  nm, 
Ac=1545  nm,  #=0.01  %). 


The  pump  power  should  be  chosen  as  large  as  possible  to 
improve  transmission  performance. 


IV.  SIMULATION  OF  TRANSMISSION 
PERFORMANCE  USING  SOA 

To  investigate  the  effects  of  parasitic  chirp  on  transmis¬ 
sion  performance,  we  simulate  transmission  performance 
by  solving  nonlinear  schrodinger  equation  using  split-step 
Fourier  method  (SSFM)  [12]. 

Fig.  5  shows  schematic  diagram  of  the  transmission 
link  used  in  our  simulation.  The  optical  fiber  is  assumed 
to  be  SMF  with  the  standard  parameters  as  shown  in 
Table  2.  The  waveform  distortion  in  fiber  is  compensat¬ 
ed  for  the  system  configuration  in  Fig.  5:  Signal  wave 
is  transmitted  through  SMF1.  During  transmission,  the 
wave  is  distorted  due  to  GVD  and  SPM.  EDFA1  then 
compensates  for  fiber  loss  of  SMF1.  Next,  SOA  converts 
the  signal  wave  to  phase  conjugate  wave  and  EDFA2 


Fig.  5.  Schematic  diagram  of  transmission  link. 


Table  2. 


Parameter  values  used  in  transmission  simulation. 


Symbol  Description _ 

a  Fiber  loss _ 

D  Average  normal  dispersion 

/?2  Second  order  dispersion 

Aeff  Effective  core  area _ 

7  Nonlinear  coefficient 


Value 

0.266 

17.76 

0.05936 

90 

2.3xl0“'iu 


Unit 

dBm/km 

ps/nm/km 

ps/nm^km 

(im2 

m*/W 
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Fig.  6.  Eye-opening  penalty  and  eye  diagram  dependent 
on  pump  power  (Input  signal  has  no  chirp,  average  Ps=-6.6 
dBm,  extinction  ratio  of  input  signal=10  dB,  As=1550  nm, 
Ac=1552  nm,  EDFA  gain=26.6  dB). 


compensates  for  small  efficiency  of  FWM  process.  Fi¬ 
nally,  conjugate  wave  is  transmitted  through  SMF2  and 
distortion  can  be  compensated  during  transmission. 

Fig.  6  shows  eye-opening  penalty  (EOP)  and  eye- 
diagram  dependent  on  SOA  pump  power.  For  the  high 
pump  power,  GVD  and  SPM  are  almost  compensated  by 
OPC.  Therefore,  EOP  is  very  low.  On  the  other  hand,  we 
can  not  completely  compensate  for  the  low  pump  pow¬ 
er  due  to  large  parasitic  frequency  chirp  in  SOAs.  From 
these  results,  we  can  confirm  that  the  pump  power  should 
be  large  to  improve  transmission  performance. 

V.  CONCLUSIONS 

We  presented  a  complete  large-signal  dynamic  model 
of  SOA  considering  FWM  and  ASE  noise,  backward  trav¬ 
eling  wave.  We  took  consideration  into  the  effects  of  facet 
reflectivity,  longitudinal  variation  of  the  a-parameter  due 
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to  spatial  hole  burning,  wavelength  dependent  gain  and 
confinement  factor,  and  extinction  ratio  of  input  sig¬ 
nal  wave.  Therefore,  our  complete  large-signal  dynamic 
model  may  compute  an  accurate  frequency  chirping  and 
extinction  ratio,  which  affect  transmission  performance 
of  conjugate  signal.  High  pump  power  can  contribute  ex¬ 
tinction  ratio  to  maximize  and  parasitic  frequency  chirp 
to  minimize.  Therefore,  low  EOP  can  be  achieved.  Our 
SOA  model  supplies  an  accurate  and  powerful  tool  to  an¬ 
alyze  frequency  chirping  and  extinction  ratio  of  conjugate 
signal. 
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